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1 INTRODUCTION 
The in-vitro research is based on the study of biological molecules, cells or tissues 
outside their biological environment and maintained in an appropriate aqueous 
medium. It is opposed to the in-vivo techniques, which characterize and analyse the 
biological processes and systems in the context of their intact organism [1]. 
The in-vitro models are used in many research fields, such as tissue engineering, 
cosmetic research, food tests and nutraceutics, and pharmaceutics. Particularly, they 
have a key role in recreating disease models and systemic models for absorption, 
distribution, metabolism, excretion and toxicology studies (ADMET) on drug 
compounds [2]. The use of these cell-based assays can strongly improve the efficiency 
and the speed of drug testing or even represent a valid alternative to animal testing, 
but they must provide a very accurate representation of the physiological environment 
in order to give reliable results. 
The use of in-vitro models has a key role in simplifying and quantifying the study of 
significant biological phenomena. Indeed, the main environmental conditions that 
generate a certain physiological or pathological condition are selected and recreated 
in-vitro in a well-controlled and repeatable way, in order to create a simplified 
environment mimicking the physiological one.  
In-vivo cells are exquisitely sensitive to their physiological microenvironment, including 
the extracellular matrix (ECM), the flow of interstitial fluid or blood and the presence of 
other cells. Furthermore, environmental factors such as pH and oxygen partial pressure 
are strictly controlled. In static 2D cell cultures, using traditional systems like Petri 
dishes, t-flasks or multiwells, the complex interplay between different cell types and 
tissues is largely absent, as well as the three-dimensional distribution of cells and the 
physiological variety of physical and chemical stimuli. It is clear that many cellular 
responses developed in such a poor environment, such as migration, apoptosis and 
gene expression, are deeply different from the ones in the native tissue [3], [4]. 
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For these reasons, an increasing number of scientists and industries now believe that 
classical experiments are a poor approximation of the in-vivo cell behaviour and 
recognize the importance of reaching a higher level of complexity for cell culture 
models [5], [6], [7].  
The development of 3D constructs for cell cultures, the introduction of controlled 
dynamic conditions and medium recirculation, as well as the application of specific 
physical and chemical stimuli according to the cultivated tissue and the introduction of 
co-cultures and multi-compartmental models, are important instruments that allow 
reaching the desired complexity, mimicking with higher reliability the physiological 
environment. 
In this context, the main goal of cell culture bioreactors is to change the properties of 
the local environment in a controlled and reproducible way by applying the appropriate 
physicochemical stimuli. These tools represent a key technological mean to perform 
controlled studies, aimed at understanding the fundamental physicochemical processes 
that regulate cell function and tissue regeneration. Furthermore, they deeply improve 
the quality of the engineered constructs, allowing the recreation of a more 
physiological-like environment in-vitro [8]. 
Often, the use of a bioreactor by itself is not enough to provide the desired dynamic 
conditions. For example, most bioreactors require a fluidic circuit able to deliver a 
controlled flow of the culture medium, mimicking the bloodstream or the interstitial 
flow in-vivo.  
Nowadays, it is well recognised that medium flow leads to several advantages in terms 
of delivery of nutrients and removal of waste products and of hydrodynamic forces 
exerted on cells, improving cell nutrition and viability and enhancing the properties of 
tissues with biomechanical roles in-vivo [9], [10], [11], [12]. Furthermore, the 
recirculation of the culture medium is a key factor to build multi-compartmental in-
vitro models through connected cultures [9], [13]. These models can simulate the 
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physiological or pathological interaction between tissues of different body districts. 
Cells are cultivated into separate compartments, connected both series and parallel to 
make a unique fluidic circuit. The connection between different compartments is 
assured by the flow of the culture medium that acts as a surrogate of the bloodstream, 
and signalling molecules are transported to and from each tissue sample, so that each 
one is influenced by the presence of the others without being in direct contact. In this 
way, metabolic disorders such as diabetes and the uptake of drugs or nanoparticles can 
be modelled and analysed at a systemic level [14], [15]. For this reason, these systems 
are called body-on-a-plate devices. 
1.1 FLUIDIC CIRCUITS FOR TISSUE ENGINEERING 
 
Figure 1.1: Scheme of the main components of the fluidic circuit needed for dynamic cell culture, where the arrows 
represent the connection silicone tubes. The disposition of each component, the direction of flow and the number of 
each component vary according to the design of the cell culture system. 
As previously described, the use of bioreactors in cell culture procedures is a key factor 
to establish controlled dynamic culture conditions. However, the bioreactor must be 
often included into a more complex fluidic system in order to actuate the culture 
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medium, mimicking the physiological bloodstream (Figure 1.1). Hence, the design and 
the implementation of the whole circuit reveals as important as the bioreactor itself.  
The fluidic circuit includes three main components: the bioreactor, or cell culture 
system, the mixing chamber and the fluidic actuation module, all connected by 
biocompatible silicone tubes. Excepting for the silicone tubes, which are not 
engineered components, each part will be briefly described, focusing on the key role of 
the fluidic actuation module. 
1.1.1 Cell culture systems 
A huge variety of cell culture systems was developed in order to establish controlled 
environmental conditions. Focusing on the mass transport through medium flow 
delivery, several categories can be distinguished, according to the basic principle that 
generates the motion of the fluid [8].  
 Mechanical agitation bioreactors. 3D scaffolds are immersed into the 
bioreactor, and moving parts generate the convective motion of the culture 
medium around the scaffolds. Stirred-flasks and rotating wall vessels represent 
the main examples of this category. In some cases, such as the stirred flask, the 
gas exchange only happens through surface aeration, and no recirculation of 
fresh medium is provided.  
 Hollow-fibre bioreactors. In these devices, cells are embedded within a suitable 
gel and seeded into semi-permeable hollow fibres. The culture medium is 
perfused over the outer surface of the fibres, so that mass transfer of nutrients 
and oxygen is significantly improved for cells with high metabolic requirements. 
This working principle is often found in bioartificial livers or kidneys, which 
replace the metabolic activity of the injured organs by perfusing the fibres 
containing the active cells with the patient plasma [16], [17]. 
 Fluidic bioreactors. In this kind of bioreactors, laminar flow is delivered in direct 
contact with cells. The 3D scaffold can be directly perfused through its pores, or 
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the flow can be delivered around the scaffold, parallel to its surface. In both 
cases, the shear stress exerted on cells represents a critical factor, so it must be 
strictly controlled and kept inside the physiological range [9], [18]. Due to the 
proved advantages of the scaffold perfusion and medium recirculation, a great 
variety of perfusion bioreactors was designed and developed, reaching a large-
scale utilization in cell laboratories.  
 
Fluidic bioreactors vary in size and purpose from microfluidic chips to bioartificial livers. 
In terms of volume of fluid and number of cells handled, micro-fluidic and milli-fluidic 
bioreactors can be distinguished [19]. 
 Micro-fluidic bioreactors (Figure 1.2 (a)) are increasingly used for drug testing 
and cellular process modelling at the level of single tissues, organs and even 
whole body [13]. Tissues or organs are modelled with a low number of cells, 
comparable to the tissue functional unit, cultivated in micro-fluidic circuits with 
very small volumes of fluid (< 1 mL). The flow of the medium is very slow to not 
apply high shear stress on cells, and the back-pressure opposed by the circuit is 
very high, due to the small fluidic section. 
 Milli-fluidic bioreactors (Figure 1.2 (b)) are employed to recreate in-vitro the 
structure and the function of tissues, and even to implement systemic 
compartmental models. Tissue and organs are modelled with a relevant number 
of cells and these bioreactors generally handle few mL of fluid. Higher flow is 
required because of the higher number of cells and metabolic consumption. 
Lower shear stress is generally applied on cells, and fluidic circuit opposes lower 
back-pressure. 
 
These two categories need very different fluidic actuation. Micro-fluidic circuits oppose 
back-pressure in the order of 107 Pa and they need very accurate flow rate, with lowest 
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values until few nL/hr. Hence, syringe pumps are the most suitable to satisfy such 
fluidic requirements. Furthermore, the design of the fluidic circuit is fixed by the design 
of the chip (Figure 1.2 (a)). Milli-fluidic bioreactors, instead, oppose lower back-pressure 
and they need flow rates of hundreds µL/min. In this case, the fluidic actuation is more 
flexible, and both syringe pumps and peristaltic pumps can be used for actuation. For 
this reason, micro-fluidic systems were excluded from this analysis.  
 
           
Figure 1.2 (a) and (b): A microfluidic chip of few cm2 (a) and a system of modular bioreactors, handling some ml of 
fluid (b). 
The U-CUP, developed by Cellec Biotek (Figure 1.3) [20], the 3DKUBE, developed by 
Kiyatec (Figure 1.4) [21] and the multi-compartmental modular bioreactor (MCmB), 
developed by the University of Pisa (Figure 1.5) [9] were chosen as three representative 
examples of milli-fluidic direct perfusion bioreactors. Their main features are 
summarized in Table 1.1. 
   
Figure 1.3 (a), (b) and (c): U-CUP scheme (a), single U-CUP bioreactor kept in position by the rack (b) and fluidic 
system composed by 10 bioreactors, the rack and the pump mounted to carry out dynamic experiments in the 
incubator (c). 
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Figure 1.4 (a) and (b): 3DKUBE (a) and multiple closed circuit actuated by a multi-syringe pump (b).
      
Figure 1.5 (a), (b) and (c): Exploded view (a) and design and dimensions of MCmB (b). Several MCmB modules 
connected in series (c). 
 U-CUP 3DKUBE MCmB 
Main features 
Composed by a 
flexible tubing and a 
scaffold support. 
 
Perfused scaffold. 
 
A rack in the shape 
of a U keeps the 
correct fluidic 
configuration. 
Two equal chambers 
where the 3D scaffold 
are placed and 
perfused.  
 
Two parts to assemble 
together. 
 
Different fluidic 
configurations keep 
the chambers 
separated or 
connected. 
Modular bioreactor.  
 
The fluidic design 
minimizes the shear 
stress on cells.  
 
Several modules can 
build up connected 
cultures for multi-
compartmental 
models. 
Size Medium Small Small 
Direct perfusion 
of the scaffold 
Yes Yes No 
Recommended 
pump 
Syringe pump, sold 
together with the 
bioreactor system. 
Syringe pump, 
peristaltic pump. 
Syringe pump, 
peristaltic pump. 
Table 1.1: Main features of the chosen fluidic bioreactors. 
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1.1.2 Mixing chambers 
Some milli-fluidic bioreactors may require the insertion of a mixing chamber in the 
fluidic circuit. The mixing chamber is a reservoir for the culture medium. Its shape and 
size may vary according to the fluidic configuration and requirement of the culture 
system, but it is usually a little container with a removable top and inlet and outlet 
tubing for connections (Figure 1.6). The chamber is not completely filled, so that the 
medium can re-oxygenate in contact with air. If suitable access to the inner volume of 
the chamber is allowed, samples of medium can be taken, or reagents can be addicted 
without affecting cells. Valves can be applied to reduce the pressure of the fluidic 
circuit, if needed. 
 
Figure 1.6: Simple mixing chamber with 3 tubes of different lengths inserted through the top. The longest tube is 
always immersed in the fluid and avoids incorporating bubbles during suction. The shortest tubes allow leakage of 
the returning medium, sampling and de-pressurization of the chamber. 
 
Figure 1.7 (a), (b) and (c): Examples of mixing chambers including valves (a), sensors (b) and heaters (c). 
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Some commercial models include further components such as valves to connect filters, 
heaters, for medium conditioning, or sensors, for monitoring the chemical composition 
of the medium (Figure 1.7) [22]. 
1.1.3 Pumps 
A cell culture system needs fluidic actuation to generate the motion of the medium 
throughout the fluidic circuit. The pump is the core of this mechanism, and it must be 
carefully chosen according to the possibility of operation into the incubator, the flow 
rate required by the cultivated cells and the design of the system.  
Ideally, the design of a pump for cell culture purposes should satisfy further important 
specifications, which are not always required for general-purpose pumps: 
 High accuracy and stability of the flow rate, even after long operation time.  
 Humidity resistance > 90%. This feature is required when long-time experiments 
must be carried out, so that the pump can be placed into the incubator. Ideally, 
the pump should have neither electric cables nor tubes going through the walls 
of the incubator.  
 Size and weight suitable for a laboratory use. The pump should not occupy too 
much space on the workbench or in the laminar hood, and it should be light to 
handle.  
 Ease of use and setting, even for users with low technical skills.  
 Multi-channel actuation. This feature allows to carry out parallel experiments at 
the same time, or to actuate complex fluidic circuits.  
 Guarantee of sterility and biocompatibility of the materials in contact with the 
pumped fluid. This is one of the most important requirements, as the pumped 
medium is in direct contact with cells.  
 Smooth, easy to clean outer surface, in order to limit sterility concerns. 
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Based on these specifications, several commercial pumps were designed and 
developed for biomedical purposes, representing the current standard for laboratory 
use.  
In the following paragraphs, some examples of commercial pumps will be described, 
focusing on whether or not the previous requirements are satisfied. 
1.1.3.1 Syringe pumps 
             
Figure 1.8 (a) and (b): Scheme of the main components of a syringe pump (a) and a multiple syringe pump of the New 
Era Pump Systems Inc. 
A scheme of the actuated components of a syringe pump is shown in Figure 1.8 (a). 
Generally, a motor drives a lead screw, coupled to a pusher block. The controlled 
rotation of the screw generates a linear displacement of the pusher block, which 
pushes or pulls the plungers of the syringes. Hence, the fluid inside the syringes is 
pushed out or withdrawn.  
Thanks to the high control of the displacement of plungers, syringe pumps can 
generate pulseless flow from pL/min to mL/min with high accuracy and precision 
(±0.35% and ±0.05% respectively). The pressurization of syringes generates high 
pumping pressures (until 107 Pa) [23]. Hence, microfluidic actuation or dispensing of 
drugs and reagents are the most common applications of syringe pumps, as high 
pressure and precise and stable flow rate are required. 
Further advantages make these pumps common for biomedical applications. Indeed, 
syringes are the only elements in contact with fluid, and they can be removed and 
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sterilized, easily solving hygienic concerns. Moreover, many channels can be actuated 
putting more syringes in a parallel configuration (Figure 1.8 (b)).  
Syringe pumps also have several drawbacks. Due to their actuation principle, they can 
pump finite volumes of fluid, from µL to mL, depending on the volume of the syringes. 
The flow they can generate is usually reciprocating, unless specific valving systems or 
more complicate control methods are inserted. They are generally quite bulky, and 
great miniaturization cannot be reached. Indeed, the volume of fluid that can be 
pumped with a single stroke depends on the size of the syringe. When miniaturization 
is required, smaller syringes are used and the pumped volume is strongly reduced, 
influencing the range of the possible actuated systems.  
Finally, they are generally more expensive than other pumps, and they cannot be used 
into the incubator. 
1.1.3.2 Peristaltic pumps 
 
Figure 1.9 (a) and (b): Rotary (a) and linear (b) peristaltic pump. 
Figure 1.9 (a) shows the actuation mechanism of a rotary peristaltic pump with 
planetary drive. It is composed by a stator, where a flexible tube is suitably placed, and 
a rotor, connected to a set of rotating elements. The rollers cyclically compress the 
tube, moving the fluid in the same direction of the rotation. Rotating contacts are 
generally used to minimize the friction and reduce the rotor torque. The fluid between 
two rollers is pumped forward, while the low-pressure region created behind the 
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constriction primes the flow from the circuit, filling the following stroke. Because of this 
low-pressure region, peristaltic pumps are self-priming, so they do not need pre-filling 
before operation. The flow rate depends on the diameter of the tube and on the 
frequency of the pumping cycle. The number of rolling elements in contact with the 
tube determines the volume of fluid pumped with one pulse. With a higher number of 
rollers, the flow becomes less pulsatile and lower volume is pumped with each stroke.  
Linear peristaltic pumps (Figure 1.9 (b)), less widespread, follow the same principle, with 
translating actuators cyclically compressing a flexible tube [24].  
Rotary peristaltic pumps are widely used for laboratory applications, generally for 
perfusion and metering of medical fluids or drugs. Several advantages make peristaltic 
pumps particularly suitable for biomedical applications. The fluid is contained in the 
tube and it is not contaminated by the mechanical components of the pump. In order 
to facilitate the experimental setup, some models are designed to allow easy changing 
of the tubes, for example when different tubes must be used to avoid cross-
contamination between fluids. The pumping action is gentle, so that cell suspensions 
can be pumped without any risk. Finally, peristaltic pumps can generate continuous 
flow, and the direction can be inverted by simply reversing the rotation of the rotor.  
However, some peristaltic pumps have a fixed tube that cannot be replaced, or their 
head is difficult to open. Furthermore, they can work at lower pressures than syringe 
pumps (105 Pa or less) and they generate pulsatile flow with moderate accuracy and 
precision (±2% maximum and ±10% maximum respectively) [23]. 
Because of their advantages and ease of use, peristaltic pumps are the most 
widespread pumps for laboratory use. A great variety of laboratory pumps is now 
commercially available, with different size, weight, flow rate range, number of actuated 
channels and humidity resistance. Three examples of commercial laboratory pumps will 
be briefly described, with a summary of their main features in Table 1.2. They are the 
P720 pump, developed by Instech (Figure 1.10 (a)) [25], the IPC pump, developed by 
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Ismatech (Figure 1.10 (b)) [26], and the 520 series, developed by Watson Marlow (Figure 
1.10 (c)) [27]. 
          
 
Figure 1.10 (a), (b) and (c): P720, Instech (a), IPC 8, Ismatec, with 8 separate channels and removable cassettes that 
press the tubes on the rollers (b), 520 series with IP66 enclosure, Watson-Marlow (c). 
Pump 
Dimensions 
(cm) 
Weight 
(kg) 
Flow rate 
(mL/min) 
Actuated 
channels 
Humidity 
resistance 
Price 
(€) 
P720, 
Instech 
6.35 x 5.6 x 
10.2 
Less than 
0.5 
0.0002 – 
18 
1 or 2 No 1000 
IPC, 
Ismatech 
18 x 14.5 x 13 
minimum 
4.6 
minimum 
0.002 – 44 
4, 8, 12, 
16 or 24 
< 80% 2000 
520 IP66, 
Watson-
Marlow 
15.8 x 27.6 x 
40.9 
minimum 
10.7 
0.17 – 
1500 
Up to 24 100% 1800 
Table 1.2: Main features of the described laboratory peristaltic pumps. 
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The P720 pump is a small peristaltic pump. Its size and weight make it suitable for 
portable use and small experiments. However, humidity resistance is not guaranteed, 
hence its application is limited to dry experiments. The IPC pump is a multichannel 
peristaltic pump, with variable number of separate channels according to the chosen 
model. The pump is able to generate a low pulsating and load independent flow with 
high repeatability, thanks to the system of removable cassettes (Figure 1.10 (b)) that 
press the tubes on the rollers with a defined and repeatable occlusion. The 520 series 
are peristaltic pumps able to deliver a wide range of flow rates with high accuracy. 
When equipped with the IP66 enclosure (Figure 1.10 (c)) they provide resistance to 
humidity until 100%.  
The common feature of these laboratory peristaltic pumps is the possibility to cover a 
broad flow rate range with medium or high accuracy. They are designed to be reliable 
and stable, even with long operation time, and they are easy to set through user-
friendly digital or analog interfaces. However, they are heavy and bulky, and only the 
most expensive pumps can guarantee operation into a humid environment. They can 
actuate a high number of separate channels, but all with the same flow rate. 
Furthermore, while increasing the number of the actuated channels, size and weight 
also increase significantly. 
 
In order to overcome the drawbacks of size and weight though maintaining the 
advantages of the peristaltic pumping principle, a new category of miniature peristaltic 
pumps was developed in the past years. They are generally sold as OEM pumps, that is, 
as pumps to be incorporated into a 3rd party system, designed by the customer. Three 
examples of miniature peristaltic pumps will be described and compared in Table 1.3. 
They are the RP-TX micropump, developed by Aquatech Co., Ltd. (Figure 1.11) [28], the 
P625 peristaltic pump, developed by Instech (Figure 1.12 (a)) [29], and the 150 series 
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pumps, developed by the Williamson Manufacturing Company Limited (Figure 1.12 (b) 
and (c)) [30]. 
              
Figure 1.11 (a), (b) and (c): RP – TX series produced by Aquatech Co., Ltd. (a), driver and display, sold separately (b) 
and the mechanism of the single eccentric ring (c). 
             
Figure 1.12 (a), (b) and (c): P625 peristaltic pump, developed by Instech (a) and 150 series, Williamson Manufacturing 
(b). The head can be disassembled to change the tube easily (c). 
 
Pump 
Dimensions 
(mm) 
Weight 
(g) 
Flow rate 
(mL/min) 
Accuracy 
Actuated 
channels 
Price 
(€) 
RP – TX, 
Aquatech 
33 x 12 x 
21.5 
9.1 
0.00003 – 
0.04 
± 15% 1 240 
P625, Instech 
27 x 32 x 54 
minimum 
39 to 72 0.0007 – 19 ± 5% 1 or 2 500 
150 series, 
Williamson 
Manufacturing 
42 x 63 x 
67.2 
minimum 
125 0.2 – 270 - 1 75 
Table 1.3: Main features of the described OEM peristaltic pumps. 
  18 
The RP – TX is very small OEM pump. A rotor connected to a single eccentric ring 
replaces the classic mechanism of rotor and multiple rollers (Figure 1.11 (c)). In this way, 
the mechanism is smaller, and the overall size of the pump can reach very small 
dimensions. The head of the pump, including silicone tubing with 0.5 mm inner 
diameter, can be replaced removing the screws. The P625 peristaltic pump can actuate 
one or two separate channels. Different motors and roller sets are available to achieve 
different flow ranges, hence dimensions and weight vary accordingly. The 150 series is 
slightly larger than the other pumps. It has a rotating head with a planetary gearbox 
and a lever system that allows easy replacement of tube (Figure 1.12 (c)). However, only 
one channel can be actuated. The pump can be driven by different motors, according 
to the desired flow rate. 
The small size is the main advantage of OEM miniature pumps. Thanks to this feature, 
they are suitable to be included into complex fluidic systems, where the space 
dedicated to the actuation is limited. As can be seen by the Table 1.3, both the weight 
and the price are much lower than laboratory pumps.  
However, several drawbacks must be considered. Generally, the smaller the pump, the 
lower the accuracy and the pressure generated. Considering a flow rate between 150 
and 500 µL/min as ideal for the actuation of milli-fluidic bioreactors [9], the range 
covered by the described pumps is often too low or too high. Indeed, the values 
reported in Table 1.3 represent a wide range that can be covered only with different 
driving motors and tube sets for each pump. Furthermore, OEM pumps cannot actuate 
more than one or two channels separately. Hence, two or more pumps should be used 
to actuate a multichannel system, increasing the overall size. Miniature pumps need 
electronic control, which is generally sold separately. If not integrated, the driver can 
be too big to be integrated in a small system (Figure 1.11 (c)). Finally, OEM devices are 
not guaranteed to work in a humid environment, as this feature is provided by the 
external case of the pumping system. 
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1.1.3.3 Piezoelectric pumps 
Piezoelectric diaphragm pumps are small pumps based on the use of piezoelectric 
crystals. Piezoelectric materials are crystals, ceramics, polymers or composites that 
show a relationship between mechanical strain and voltage across their surface. The 
generation of opposite charges on opposite faces when a mechanical displacement is 
applied is called piezoelectric effect. Inverse piezoelectric effect, instead, consists in the 
deformation of the crystal when an external voltage is applied [31]. As the strain 
generated by the inverse piezo effect is very small, actuation systems must be often 
designed to amplify them and obtain the desired effect. This is the case of piezoelectric 
pumps, which use piezos to actuate a diaphragm pumping mechanism.  
 
Figure 1.13: Working principle of a piezoelectric diaphragm pump. 
A piezoelectric crystal is mounted on a flexible membrane above a small chamber 
inside the pump (Figure 1.13). The piezo must be connected to a conditioning circuit 
able to generate an appropriate driving voltage. When high voltage is applied to the 
piezo, the deformation of the crystal moves the membrane, causing a downstroke that 
squeezes the fluid out of the chamber. When the voltage changes sign, the piezo 
causes the upstroke of the membrane, refilling the chamber. Two passive valves define 
the flow direction avoiding reflux. When the piezo is driven by alternate voltage at high 
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frequencies, the cyclic deformation of the membrane can generate a well-controlled 
pulsatile flow rate until some mL/min.  
The flow rate depends on both the amplitude of each stroke, influencing the amount of 
fluid that fills the chamber, and the frequency of the strokes, corresponding to the 
number of cycles per second. Both of these parameters depend on the deformation of 
the piezo, electronically controlled through the driving voltage signal. 
Piezoelectric pumps are generally very small and compact and they can deliver flow 
rates in a wide range, from few µL/min to some mL/min, with simple electronic driving. 
Small size and low weight are interesting properties for milli and micro-fluidic 
biomedical applications, but some drawback must be considered. Due to their design, 
the fluid must be in contact with the inner surface of the pump, which has to be 
biocompatible. Furthermore, the pulsatile pumping mechanism cannot actuate delicate 
fluids such as cell suspensions. Finally, the flow rate linearly decreases with the 
backpressure opposed by the fluidic circuit, thus applications with high fluidic 
resistance are excluded. 
Finally, as well as OEM peristaltic pumps, they must be included in a suitable, 
customized pumping system. 
1.2 CHALLENGES AND SOLUTIONS 
Several studies have demonstrated that tissues engineered in dynamic conditions have 
improved qualities in terms of cell viability, ECM production and differentiation 
compared to the tissues cultivated in static conditions. Furthermore, systemic diseases 
can be recreated in-vitro by multi-compartmental bioreactors, where the recirculation 
of the culture medium mimics the role of the bloodstream in the organism. This is the 
reason why an increasing number of laboratories are now adopting more complex cell 
culture systems to carry out more reliable and physiological-like experiments. 
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Despite the advantages of such innovations, the utilization of novel culture systems 
does not prove easy for biologists, because of several issues connected to both 
bioreactors and fluidic actuation. 
As explained in the previous paragraphs, dynamic cell cultures need a fluidic circuit 
composed by one or more bioreactors, a mixing chamber and a pumping device, all 
inter-connected by several tubes. Such complex systems require more space than 
traditional tools, they create disorder under laminar hood and into the incubator and 
make sterility more difficult to maintain (Figure 1.14). 
 
 
Figure 1.14: Example of a complex cell culture system, including a pump, several bioreactors and mixing chambers, all 
stored into the incubator [32]. 
Hence, the problem can be split into two parts: on the one side, bioreactors are 
different from the well-known standard tools, less compact and more difficult to 
handle. On the other side, the remaining part of the fluidic circuit, composed by the 
mixing chamber, the pump and the connection tubes, introduces further complexity to 
the system, as well as encumbrance and sterility issues. 
1.2.1 MultiDyn, University of Pisa 
Nowadays, the developed bioreactor systems are often small and modular. In this way, 
the experimental setup needs several bioreactors, interconnected through silicone 
tubes and difficult to handle together. 
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Figure 1.15 (a) and (b): Assembled MultiDyn bioreactor (a) and top view of the bottom plate (b). A single ridge, 
composed by a slot for the valve, 3 slots for cell culture and connection channels is indicated in red, while the arrow 
indicates the smaller slots where the valves are housed. 
Hence, MultiDyn is a fluidic plate-compatible bioreactor, developed by the MultiD in-
vitro models group of University of Pisa, with the purpose of reducing the number of 
bioreactor modules needed into the fluidic circuit [33]. In more detail, its aim is the 
implementation of complex multi-compartmental models, though maintaining a 
compact and space-saving shape.  
This novel system is composed by a bottom plate and a top plate. In the bottom plate, 
twelve cylindrical slots are the different compartments where cells are cultivated. The 
slots are connected both series and parallel by a system of channels that allows 
medium to flow between different compartments. The structure of the bottom plate is 
fixed, but 4 valves, placed in the smaller cylindrical slots before each ridge, can deviate 
the direction of flow, modifying the topology of the fluidic circuit. The 4 ridges can be 
kept separate, in order to carry out 4 independent experiments at the same time, or 
they can be connected to mimic more complex systems. When the top plate and the 
bottom plate are joined, the bioreactor is closed. 
 
  23 
1.2.2 Goal of the thesis: development of a novel actuation system 
During this work of thesis a novel fluidic actuation system was designed and developed 
in order to overcome the drawbacks due to the complexity of the fluidic circuit. The 
aim of the work is to solve the practical issues that reduce the usability of dynamic cell 
culture systems and to overcome the drawbacks of standard pumping devices through 
a unique, easy to use device. 
As seen in paragraph 1.1.3.2, the standard peristaltic pumps for laboratory applications 
have several drawbacks: they are generally heavy and bulky, and the humidity 
resistance needed to operate in incubator is not always guaranteed. Some pumps 
cannot actuate more than two separate channels, and separate channels generally 
have the same flow rate.  
Furthermore, besides a bioreactor and a pump, the experimental setup of a fluidic 
circuit for dynamic cell cultures must include a mixing chamber and several connection 
tubes. A cell culture system including all these elements is complex, difficult to handle, 
and may introduce sterility issues (Figure 1.14). 
Hence, the purpose of this work is to realize a lightweight pumping system, with size 
comparable to a multiwell plate, able to actuate 4 separate channels with 
independently controlled flow rates, and resistant to humidity, so that it could be used 
in incubator. Furthermore, complementarily to the solution offered by MultiDyn for 
multi-compartmental bioreactor systems, the main goal of the pumping system is to 
compact into a unique object most of the circuit needed for the fluidic actuation of a 
bioreactor. In this way, the complex experimental setup of the current systems may be 
reduced to the simple plug-and-play of the two modules.  
A COmpact Modular Pumping ACTuation (CO.M.P.ACT.) system was designed to be 
MultiDyn-compatible and easy-to-use. Hence, the workflow of the thesis was divided 
into the electronic design of pump control and human interface, and the mechanical 
design of the modular structure. Finally, a first prototype of the system was realized 
and characterized.   
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2 ELECTRONIC DESIGN 
The goal of this work of thesis is the design and realization of a novel, MultiDyn-
compatible pumping system. Hence, the main fluidic specifications of the engineered 
system were extracted from the study of the fluidic design of MultiDyn.  
The basic fluidic configuration of MultiDyn consists in the separate actuation of its 4 
parallel ridges (Figure 1.15). Hence, the first specification of the actuation system is the 
possibility to drive and control 4 separate channels. As a further improvement with 
respect to the commercially available pumps, the actuation of separate channels with 
independently controlled flow rates is required. The second specification is to keep the 
delivered flow rate range between 150 and 500 µL/min, as required by the fluidic 
design of MultiDyn slots [9]. Finally, as general specifications, the system should have 
great stability in humid environment and it should be small, with comparable 
dimensions to a multiwell plate. 
The standard laboratory pumps cannot satisfy all these requirements, thus a novel 
design was realized to obtain the desired system. Both OEM peristaltic pumps and 
piezoelectric micropumps were considered, but the latter were chosen as the most 
suitable ones to be included into the system, based on the desired fluidic actuation and 
the overall design. 
The OEM peristaltic pumps, previously described in paragraph 1.1.3.2, were excluded 
for several reasons. At first, most of the analysed pumps cannot cover the required 
flow rate range, generating too low or too high flow rates. The operation in humid 
environment is not guaranteed, and, due to the rotating parts, the humidity resistance 
is difficult to assure even designing an external customized case. Finally, they can only 
actuate one or two separate channels, hence two or more OEM pumps should be 
included into the system, reaching an excessive overall size.  
Piezoelectric micropumps, instead, are much smaller than peristaltic miniature pumps, 
so that several micropumps can actuate separate and independent channels without 
  25 
reaching an excessive size. They can cover the required fluidic range through simple 
electronic control and, finally, they do not have external moving parts, so that they can 
be easily included into a watertight external case. 
The great versatility of piezo micropumps largely depends on the design of their 
electronic control, which deserves particular attention. Ideally, the control of the fluidic 
actuation should be customized, flexible and low-cost. Furthermore, the design of a 
simple and user-friendly interface is fundamental to obtain an easy-to-use laboratory 
device, set to large-scale use. 
In this chapter, the chosen piezoelectric micropumps and the electronic components of 
the control board and user interface will be described. Then, both hardware and 
software implementation of the control strategy, as well as the methods for the fluidic 
characterization of the system will be discussed. 
2.1 MP6 – MICROPUMP 
The chosen actuator for the pumping system is the mp6-micropump, developed by 
Bartels Mikrotechnik GmbH, Dortmund, Germany (Figure 2.1) [34]. 
 
Figure 2.1: Exploded view of mp6 – micropump (a) and external case dimensions (b). 
It is a small piezoelectric micropump with a double-chamber actuation design. Each 
chamber has a simple operating principle, as described in paragraph 1.1.3.3: a 
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piezoelectric crystal is fixed to a brass membrane above a small chamber inside the 
micropump. When high voltage is applied to the piezo, the resulting deformation of the 
crystal causes a downstroke of the flexible membrane that squeezes the fluid out of the 
chamber. When the voltage decreases, the piezo generates an upstroke of the 
membrane, so that the fluid is sucked into the chamber again. Two valves, placed 
upstream and downstream the chamber, define the direction of flow and avoid its 
reflux. When alternate voltage is given to the micropump at high frequencies, the cyclic 
deformation of the membrane can easily generate a well-controlled flow rate until 
some mL/min. 
Bartels Mikrotechnik produces both one and two-chambers micropumps. The latter 
design, implemented in the mp6-micropump, presents an increased resistance to the 
back-pressure opposed by the fluidic circuit and better suction capability compared to 
the single chamber design. 
For correct functioning, the two actuators must be driven with a 180° phase shift in the 
driving signal. In this way, the two piezo actuators of each micropump work in synergy, 
so that when the first chamber is filled, the second one is emptied, and viceversa 
(Figure 2.2).  
 
 
Figure 2.2: Functioning principle of a double – chamber piezo micropump. 
The mp6 – micropump is the best choice to actuate the pumping system because of 
several features: 
 Small dimensions (30 x 15 x 3.8 mm) and weight (2 g). 
 Flow rates between 0 and 7 mL/min. 
 Operating temperature between 0 and 70°C. 
  27 
 Long minimum guaranteed lifetime (5000 hours), which allows its use for long 
time experiments. 
 Low power consumption (< 200 mW for both the micropumps and the driver), 
so it can be also powered by a removable battery. 
Furthermore, Bartels Mikrotechnik provides features that allow micropump to operate 
in a cell culture system [35]: 
 All the parts in contact with fluid are covered with polyphenylsulfone (PPSU), 
which is certificated according to USP class VI / ISO 10993 and minimizes long – 
term incompatibility. 
 Micropump is stable with standard culture medium, with temperature of 37°C 
and 5% CO2 in incubator. 
 Both autoclaving (20 min at 121 °C) and EtO sterilization (10% EtO, 50 °C, > 60% 
humidity) are allowed. 
In the realized system, 4 micropumps were included, in order to actuate the 4 channels 
separately and independently.  
2.1.1 Driving the micropump 
The control circuit has a key role for properly driving the piezoelectric pump, so that it 
can be considered as integral part of the micropump itself. 
Each piezoelectric crystal into the micropump needs an alternating control signal with 
rectangular, sine or SRS (sine – rectangular signal) waveform (Figure 2.3).  
 
 
Figure 2.3: Driving signal with rectangular, sine and SRS waveform (250 Vp-p, 100 Hz). 
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Signal waveform influences micropump behaviour: the rectangular signal produces the 
highest flow rates, the sine waveform minimizes acoustic noise emitted by the 
micropump while running, and the SRS waveform represents a good balance between 
them. Bartels drivers are dedicated to micropump control, and they are able to 
generate these signals. 
The flow rate applied by the micropump depends on three independent parameters: 
the frequency and the peak-to-peak amplitude of the signal, and the back-pressure of 
the circuit connected to the pump.   
The frequency of the control signal corresponds to the number of cycles per second, in 
which each chamber is filled and emptied. Peak-to-peak voltage influences 
piezoelectric displacement, thus the amount of fluid that fills the chamber. Typical 
peak-to-peak voltage and frequency to reach maximum flow rate (7 mL/min with 
deionized water) are 250 V and 100 Hz, which will be considered as the default 
parameters for the control. The typical behaviour of the pump is tested for high flow 
rates, whereas the micropump is not well characterized for lower flow rates, 
corresponding to the range required for our applications. As the desired working point 
is on the borderline of the datasheet description, the behaviour of the pump may 
present higher variability, and further experimental characterization is required. 
 
 
Figure 2.4 (a), (b) and (c): Flow rate dependency on back-pressure with 250 Vp-p and 100 Hz (a), on amplitude with 
100 Hz (b) and on frequency with 250 Vp-p (c) with open fluidic circuit. 
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Micropump datasheet reports that the flow rate linearly increases with both amplitude 
and frequency of the actuation signal (Figure 2.4 (b) and (c)), whereas it decreases with 
the back-pressure opposed by the downstream fluidic circuit (Figure 2.4 (a)).  
Importantly, the micropump can tolerate pressures until 600 mbar if used for applying 
very low flow rates. In the case of MultiDyn, the back-pressure opposed by each 
cylindrical slot is equal to few hundreds Pa [1], so the operating point is close to the 
maximum performance of the pump. In these conditions, the flow rate generated using 
the default parameters for the driving signal is too high. Thus, the frequency and 
amplitude of this cyclic signal must be properly regulated to cover the whole flow range 
required for cell culture (150 – 500 µL/min). For this reason, the control circuit and 
strategy must be customized, in order to reach the desired working conditions. 
In order to simplify the driving strategy for the micropump, only one parameter can be 
directly controlled by the user. Assuming the back-pressure constant, two strategies 
were implemented to control flow rate. The first one keeps the frequency fixed, while 
the amplitude is changed, whereas the second one keeps the amplitude constant, and 
the frequency can vary. 
2.2 THE CONTROL BOARD 
In order to adapt the performance of the micropump to our application, a new control 
board was designed for having a simple and intuitive user interface, and an integrated 
electronics. 
The control board can be divided into 3 blocks (Figure 2.5): the user interface, the 
microcontroller and the drivers. Through the interface, the user sets the desired flow 
rate. This information is then sent to the microcontroller for generating the correct 
control signal for drivers. Finally, all the commercial drivers are electrically connected 
to the micropumps and they generate alternating high voltage signal to actuate piezos. 
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Figure 2.5: Principle scheme that shows circuit functioning. Arrows indicate the direction of communication. 
As for the whole system, general requirements for the control board are to minimize 
the space for all the different components, to assure high stability while maintaining an 
easy-to-use interface, as well as the reduction of the total cost of the board. 
For this reason, an open-source microcontroller (Arduino) was used in combination 
with commercial drivers for the piezoelectric micropumps, and the flow rate was set by 
a simple interface with buttons and LEDs. Each block will be described separately, then 
the overall circuit structure will be presented. 
2.2.1 The microcontroller 
An Arduino board was chosen to run the user interface and the drivers. Arduino 
platform is an open-source system specifically designed to optimize the rapid 
prototyping of an electronic circuit. The microcontroller uses a dedicated programming 
software based on the C/C++ languages, which can be downloaded for free. Moreover, 
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several Arduino schematics are available on the website as well as on the web 
community, so that anybody can reproduce them or develop new boards. That is the 
case of Arduino Micro controller (Figure 2.6) [36], that has been developed in 
collaboration with Adafruit. It was chosen to control the system on the following 
grounds: 
 Micro board is very small (4.8 x 1.77 cm). 
 Arduino Micro embeds the same microcontroller (ATmega32u4) as Arduino 
Leonardo, which is a standard board used for several projects. In this way, 
Micro has the same performances as Leonardo.  
An important feature of Arduino boards is the simple and flexible control and 
generation of PWM signals. A PWM (pulse-width modulation) signal is a square wave 
where the frequency is constant, but the duty cycle, that is the fraction of the period 
when the signal is on, can vary between 0 and 100%. While varying the duty cycle, the 
mean value calculated on a single period varies from 0 to the maximum, generating a 
PWM equivalent voltage. PWM signals are generated on Arduino through dedicated 
digital I/O pins, with maximum voltage of 5 V. Arduino Micro, as well as Leonardo, can 
generate 7 PWM signals on pins 3, 5, 6, 9, 10, 11 and 13.  
The embedded microcontroller ATmega32u4 has 4 timers, known as Timer 0, Timer 1, 
Timer 3 and Timer 4, that control the PWM signals, and each timer has different 
channels (A, B and C). Different channels of the same timer can generate PWM signals 
with equal frequency and different duty cycles, while different timers can generate 
different frequencies too. 
According to the required application, the PWM signals can be controlled through 
different strategies. The duty cycle can be controlled by a software function or by 
manipulating the chip’s timer registers directly. The first control is intuitive, but it does 
not provide any control over the frequency. The second strategy is more complex, but 
it allows a precise control over both frequency and duty cycle.  
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As described in the following paragraphs, the well-controlled PWM signals generated 
by Arduino have a key role in the regulation of the flow rate generated by the 
micropumps.  
 
Figure 2.6: Arduino Micro. 
2.2.2 Driver mp6 - OEM 
Bartels Mikrotechnik offers several control units to drive the micropumps. They are 
designed as interfaces in order to allow simple change of control parameters and flow 
rate for specific application. 
Between different options, mp6-OEM driver was chosen: 
 10.5 x 20.5 x 6 mm dimensions. 
 Pin layout allows breadboard and PCB utilization (DIL 14). 
 It can operate with supply voltage between 2.5 and 5.5 V. This range includes 5 
V generated by Arduino. 
 Actuation signal generated by the driver can be adjusted by an external 
controller.  
 
Figure 2.7: Mp6 – OEM driver. 
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Table 2.1: Electrical specifications of mp6 – OEM. 
Mp6-OEM limitations are the possibility to apply a reduced range of flow rate with 
respect to the typical performances of this micropump (4.5 ml/min versus 7 ml/min as 
maximum flow rate), and the generation of rectangular waveform only. Furthermore, 
each driver can control only one micropump. However, these limitations do not restrict 
pumping operation within our application, as very low flow rate are required. The 
previous disadvantages are balanced by the high integrability of the drivers, due to 
their small size, and their compatibility with the Arduino microcontroller. 
The datasheet gives all the information about control; relevant information and chosen 
circuit configuration are explained below.   
The characteristic curves in Figure 2.4 (a), (b) and (c) show that the flow rate increases 
linearly with frequency and amplitude of the driving signal. The mp6-OEM driver can 
generate a controlled driving signal with rectangular waveform and variable amplitude 
and frequency. The driver can regulate both these parameters through the appropriate 
input signals.  
The input pins are CLOCK, AMPLITUDE and /SHUTDOWN, while the output pins are P1+, 
P1-, P2+ and P2-.  
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The input pin CLOCK must receive a clock signal with controlled frequency, while the 
input pin AMPLITUDE must receive a DC or PWM equivalent controlled voltage. 
Therefore, CLOCK regulates the output frequency, while AMPLITUDE regulates the 
output peak-to-peak voltage. Finally, the third input (/SHUTDOWN) determines the 
activation of the micropumps with a logic HIGH or LOW signal. 
 
The datasheet indicates 3 control strategies, corresponding to 3 typical configurations: 
 Fixed pump rate (Figure 2.8 (a)). 
Frequency and amplitude of the output signal are fixed by internal components 
to 100 Hz and 235 V. CLOCK and CLOCK_INT, and SLEWRATE and SLEW_INT are 
shorted together. Both AMPLITUDE and /SHUTDOWN are shorted to VDD. 
 Flow rate set by external components (Figure 2.8 (b)). 
CLOCK pin is connected to a capacitor C1, which adjusts the internal frequency 
of the driver according to the characteristic curve in Figure 2.9. AMPLITUDE 
receives a DC voltage, scaled through a voltage divider. R1 and R2 must be 
chosen to generate a voltage included in the typical range indicated by the 
datasheet. An input voltage of 1.3 V gives a typical Vp-p of 235 V, and 0.35 V 
gives 100 Vp-p. 
     
 
Figure 2.8 (a) and (b): Flow rate set by internal (a) and external components (b). 
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Figure 2.9: Relation between the frequency of the actuation signal and capacitance C1.  
 Pump rate controlled via microcontroller (Figure 2.10). 
 
Figure 2.10: External control via microcontroller. 
This is the most flexible configuration, as CLOCK, AMPLITUDE and /SHUTDOWN 
are all controlled via software by an external microcontroller. A clock signal on 
the pin CLOCK regulates the actuation frequency with a 4:1 ratio. For higher 
stability, the duty cycle of the clock signal must be fixed higher than 95%; hence, 
a PWM with variable frequency and fixed duty cycle must be used.  
The voltage on the AMPLITUDE pin regulates the output peak-to-peak voltage. 
The input signal can be both a DC analog voltage and a PWM equivalent signal. 
As a PWM signal with frequency between 0.2 and 1 MHz is required, in this case 
a PWM with fixed frequency and variable duty cycle must be used. Finally, 
/SHUTDOWN must receive a HIGH logical value to switch on the micropump. 
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As previously described in paragraph 2.1.1, the flow rate generated by the micropump 
depends on both frequency and amplitude of the actuation signal. In order to simplify 
the control structure, the chosen strategy consists in varying one control parameter 
and keeping fixed the other one.  
As described by the datasheet, the mp6-OEM allows to fix both amplitude and 
frequency of the output signal through internal regulation or external components. A 
flexible control, instead, is reached through the software control of the driver. 
Therefore, the desired control strategy can be only obtained through a combination of 
the three described configurations.  
Two complementary control strategies were implemented, providing the regulation of 
both amplitude and frequency as a control parameter.  
 
 Amplitude control (Figure 2.11 (a)). The output amplitude is regulated via 
software through a PWM signal with variable duty cycle, while the output 
frequency is fixed through an external capacitor C1, which value is obtained 
through an experimental fluidic characterization. 
As the whole system includes 4 drivers, one for each micropump, 4 PWM signals 
with fixed frequency (0.2 MHz, as required by the datasheet) and variable duty 
cycle are needed to control each driver separately. The channels A, B and C of 
the timer 1 and the channel A of the timer 3 can be used to implement this 
solution. However, for the sake of simplicity, the software control of the 
amplitude for the 4 drivers is made in pairs. 
With this driver configuration, the output frequency must be reduced to values 
lower than 20 Hz to obtain the desired flow rates. However, the datasheet does 
not guarantee a stable operation in this frequency range and recommends the 
use of a software control for frequency too. Indeed, the amplitude control 
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shows several drawbacks, such as difficult suction and higher variability. For this 
reason, the second control strategy was implemented and compared with the 
amplitude one.  
 Frequency control (Figure 2.11 (b)). The output frequency is regulated via 
software through a PWM signal with variable frequency and fixed duty cycle. 
The amplitude, instead, is regulated through a digital I/O pin of Arduino, which 
generates a LOW or HIGH logic value, corresponding to a voltage of 0 and 5 V 
respectively. This solution allows to switch on or off the output signal keeping 
the amplitude at the maximum value when operating.  
In order to control separately the 4 drivers, the overall control of the frequency 
needs 4 PWM signals with 4 independent frequencies. This could be only 
implemented by using one channel of each timer of Arduino. However, the use 
of the Timer 0 is not recommended because it regulates the timing of internal 
system processes. Hence, in order to simplify the structure of the overall control, 
and according with the previous strategy, the 4 drivers are controlled in pairs. 
 
In both configurations, /SHUTDOWN is shorted to VDD, keeping micropumps always 
activated. However, in order to have a more safe control of the micropumps, the 
supply line of all the drivers is connected to a safety switch (Figure 2.14).    
 
Figure 2.11 (a) and (b): Driver schematic for frequency control and amplitude control. 
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Both strategies were tested, but only the frequency control was implemented to be 
included in the final system. For results and discussion of the characterization, see 
chapter 4. 
2.2.3 User interface 
The interface should allow the user to quickly select the desired flow rates, assigning 
different driving parameters (i.e. frequency or amplitude of the signal) according with 
the control strategy used.  
Ease of use, intuitiveness and integrability were pursued during interface design. Small 
size of the system and humidity resistance were considered, hence only buttons and 
LEDs were used to implement user interface. The reasons are explained as follows: 
 Buttons can be covered with an insulating material layer, while LEDs can be 
fixed to the case with silicone. In this way, humidity resistance is assured. 
 Panel pushbuttons and LEDs have small size both outside and inside the case. 
This improves their integrability. 
 Each button or LED is connected to an analog or digital I/O; pin choice is flexible, 
so that PWM pins can be avoided. 
More complex components, such as joystick buttons or LCD display, were avoided. 
 Moving components make humidity resistance more difficult to achieve. 
 An LCD shield is too large and thick to be integrated, and it is not suitable for 
operating with high humidity. Furthermore, control libraries for LCD displays 
use pins in a forced way. 
 Arduino does not have enough pins to control an interface composed by an LCD 
and a joystick, plus the 4 drivers. 
 
As described in paragraph 2.2.2, for the sake of simplicity the chosen control strategy 
allows the driving of the 4 channels in two independent pairs. Though reducing the 
possible fluidic configurations, this strategy still represents an improvement compared 
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to the standard laboratory pumps described in paragraph 1.1.3.2, which can only 
deliver the same flow rate for all the channels. Furthermore, in order to keep the 
interface simple, only 4 different flow rates into the desired range are available for 
each pair.  
Figure 2.12 shows the organization of the user interface. 
 
 
Figure 2.12: User interface rendering, with 2 buttons and 8 LEDs. 
It contains 2 panel pushbuttons (A and B) and 8 LEDs, disposed in a 2 x 4 matrix where 
each row represents a pair of channels, while each column corresponds to a different 
flow rate. The buttons are the input of the interface, and they allow the user to select 
the desired flow rate for each pair of channels. The output is given by the visual 
feedback of the 8 LEDs, lighting and blinking during each phase of the setting.  
As previously told, a safety switch is connected to the supply line of the drivers (not 
shown). It allows to keep the micropumps off while selecting the desired flow rate or to 
switch them off rapidly, if needed.  
The flow chart in Figure 2.13 describes the setting of flow rate for one or both channel 
pair step by step. Generally, the A button is used for the first selection level, whereas 
the B button allow the user to switch between the different sub-selections. 
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Figure 2.13: Flow chart in which interface logical operation is described. 
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When the system is switched on, all channels are turned off. At first, the safety switch 
should be turned off, in order to avoid any accidental activation of the micropumps. 
The user briefly presses the A button to choose the first channel pair to set (1 or 2). 
When the button is pressed, the first column of LEDs blinks, and the B button switches 
between two possibilities. After selecting the desired couple, A is pressed to confirm 
the choice. The system automatically switches to the flow rate setting. Corresponding 
LED row blinks briefly. B button cyclically switches between the four different flow 
rates. The user presses and holds A to confirm, or B to cancel the whole setting. When 
the flow rate is confirmed, the corresponding LED blinks and stays lit, whereas the 
cancellation of the whole setting is confirmed with all the LEDs blinking.  
When flow rate is confirmed for the first pair, the second one can be set in a similar 
manner. Otherwise, only one pair can be used by directly activating the micropumps by 
switching on the safety switch.  
2.3 THE ELECTRONIC CIRCUIT 
The control circuit was prototyped on a stripboard to be inserted in a watertight 
housing designed in the case. Circuit dimensions and components disposition were 
designed to optimize the available surface and minimize the circuit size. See APPENDIX A 
for a complete schematic of the control circuit. 
Two electronic boards were soldered, one for each control strategy. Their structure is 
very similar, but the main difference is given by the Arduino pins needed for the control 
of the 4 drivers. Their structure will be described in more detail below.  
In both cases, the system is powered by an external 12 V power adapter. The external 
supply is connected to the GND and Vin pins of Arduino. The internal voltage regulator 
of Arduino converts this external source into the 5 V generated on the corresponding 
pin. This pin is then connected to the VDD pins of the 4 drivers, because their power 
supply range is 2.5 – 5.5 V DC (Figure 2.14).  
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Figure 2.14: Principle scheme where power supply lines are put in evidence (12 V external supply and 5 V line of 
Arduino). Driver power supply also has a safety switch. 
The 2 panel pushbuttons of the user interface give the input to the whole system. As 
their configuration is normally opened, they are connected through a pull-up resistor 
(9.1 kΩ) to the A0 and A1 analog pins of Arduino. With this configuration, Arduino 
reads a signal transition from HIGH to LOW each time a button is pressed. The 8 LEDs of 
the user interface, giving visual feedback to the user, are connected to digital I/O pins 
of Arduino with a series safety resistance (270 Ω) for each one. Headers are soldered 
on the board to easily connect or replace both buttons and LEDs. 
The control signal is sent from Arduino to the drivers with a different circuit 
configuration according to the control strategy, as previously shown in Figure 2.11 (a) 
and (b). 
 
 Amplitude control. The channels A and B of the Timer 1 are used to generate 
the desired control signals, that is, two PWM signals with the same fixed 
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frequency and independent duty cycles. Hence, the 9 and 10 digital I/O pins, 
corresponding to Timer 1-A and 1-B, are connected to the AMPLITUDE pins of 
the controlled pairs of drivers. As the actuation frequency is fixed by the 
external capacitor C1, suitable headers are soldered to the CLOCK pins of the 
drivers, in order to allow easy replacement of the capacitors and adjustment of 
the actuation frequency. 
 Frequency control. The regulation of the actuation frequency needs two PWM 
signals with independent frequencies and the same fixed duty cycle. Two 
different timers are needed to implement this solution, so Timer 1-A and 3-A, 
initialized as described in paragraph 2.4 in the control sketch, were chosen to 
generate the control signals. They correspond to the digital I/O pins 5 and 9, 
connected to the CLOCK pins of the controlled drivers. The A2 and A3 analog 
pins, instead, are connected to the AMPLITUDE pins of the corresponding 
drivers. Switching from LOW to HIGH, these pins activate micropumps at the 
maximum actuation amplitude. 
 
Regardless of the control strategy, the actuation signal is generated by each driver on 4 
pins (P1+, P1-, P2+ and P2-). These are connected to the corresponding micropump 
through an electrical connector (Molex 39 53 2045). The connector housing fits the 
flexible PCB of the micropumps, where the leads in contact with piezos are placed. 
Once the connector is closed, the PCB is locked and drivers and actuators are 
electrically connected.  
 
Figure 2.15: Sequence that shows how to connect Molex and micropump. 
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In both cases, some problems were found during micropump characterization and 
circuit dimensioning. PWM signals generated by Arduino show a quite pronounced 
overshoot, which is reduced through a resistor (270 Ω) connected in series to the signal. 
Furthermore, when powering the system or loading the control sketch on Arduino, 
drivers and micropumps are activated at maximum flow rate for a few seconds. A pull-
down resistor (1 kΩ) is connected to the control pins in order to give LOW signal to the 
driver when no driving output is sent via software. This solution avoids uncontrolled 
activation of micropumps. 
Another problem observed during preliminary tests was an interference generated on 
the actuation signal while pressing the buttons of the user interface. As a consequence, 
micropumps generated bubbles flowing in the fluidic circuit. In order to minimize this 
effect, a safety switch was added on the driver power supply line (Figure 2.14). The 
switch separates the power supply of the drivers from the rest of the system. In this 
way, the desired flow rate can be set while the pumps switched off, or they can be 
immediately stopped, if needed, without affecting the other parts of the system. The 
safety switch is also connected to a LED that signals the activation of micropumps.  
2.4 THE CONTROL CODE 
The structure of the control code (APPENDIX B) can be divided into several blocks. The 
control software generates the desired flow rate for each pair of channels based on the 
input given through the pushbuttons of the user interface.  
The principle scheme in Figure 2.16 shows the working of the control sketch containing 
the frequency control of the flow rate, focusing on the conditions (diamond boxes) that 
allow the passage between different states (rectangular boxes).  
When the system is powered, it is in a state of “WAIT”. In this state, the control signals 
are low and the drivers are inactive. Furthermore, the safety switch is off, preventing 
the accidental activation of the drivers. 
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Figure 2.16: Principle scheme that describes the functioning of the control sketch with frequency control. 
Through interface pushbuttons the whole system can be controlled. They are 
connected to A0 and A1 analog pins of Arduino, used as digital input with the 
digitalRead() function. When a button is pressed, the microcontroller reads a transition 
from LOW to HIGH. A small delay debounces the circuit, making noise generated by the 
buttons ignored. When buttons are pressed, time is measured. In this way, button 
press and hold can be recognized, and different flags (pressA, holdA, pressB, holdB) are 
assigned.  
The control code is based on a nested “switch … case” structure, using the counters 
“select”, “channel” and “count”. In each phase, LEDs give visual feedback to the user. 
The counter “select” cyclically changes its value (1 or 2) each time that A is briefly 
pressed. When the button A is pressed for the first time, the procedure starts from the 
choice of the desired pair of channels, and “select” is 1. In order to select the desired 
pair of channels, the B button switches between the two possibilities, and the variable 
“channel” becomes 0 or 1. The A button is pressed again, then “select” increases to 2, 
representing the choice of the flow rate. In order to choose the desired flow rate, the B 
button switches between the 4 possibilities, and the counter “count” cyclically assumes 
values between 1 and 4. Finally, a long pressure of A confirms the choice. When the 
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user confirms the flow rate, the correct control signal is generated for the 
corresponding pair of channels, according to the values of “channel” and “count”. If the 
A button is pressed again, the complementary pair of channels is automatically 
selected and the choice of the flow rate can be made in analogous way. Otherwise, the 
second pair can be left inactive by stopping the procedure. 
At any moment, the user can cancel the choice by holding B. In this case, all the flags 
and variables come back to the initial “WAIT” state. 
When a flow rate is confirmed, different timer registers are set for amplitude or 
frequency control strategy. Their different control of the timers will be described in 
more detail below.  
Arduino can generate a PWM signal with 450 Hz frequency and variable duty cycle by 
default. The most simple control strategy provides a software function (analogWrite()) 
that easily regulates the duty cycle, without affecting the default frequency. However, 
this PWM control is not suitable to our system, because the frequency must be 
adjusted. Indeed, for amplitude control, the PWM control signal must have at least 0.2 
MHz frequency, as required by the datasheet, while for the frequency control, PWM 
frequency directly influences the output frequency. Hence, timer control registers must 
be properly set to control both frequency and duty cycle. 
The registers initialized in the control software are TCCRnA, TCCRnB, ICRn, OCRnA and 
OCRnB, where n indicates the number of the timer (1 or 3 in our case), while A and B 
are the channels of the corresponding timer [37]. 
The control registers TCCRnA and TCCRnB contain the timer mode operation (fast PWM 
or phase-correct PWM), the waveform generation mode (which register is the source of 
maximum counter value) and system clock prescaling. For our application, fast PWM 
mode was chosen, and register ICRn is the top counter value. Finally, the output 
compare values that set the duty cycle are in the register OCRnA and OCRnB. It implies 
that the timer n counts from 0 to ICRn to have a period. When the timer reaches the 
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value in OCRnA or OCRnB, the output of the channel A or B respectively turns off, 
obtaining the desired PWM waveform. 
 
 Amplitude control. ICR1 keeps the frequency at 0.2 MHz. When flow rate is 
confirmed, OCR1A and OCR1B are set to change the duty cycle. If flow rate is 
cancelled, OCR1A and OCR1B are set to 0, giving a LOW output signal with 0% 
duty cycle. Here are reported the setup of timer registers and the functions 
setDC1() and setDC2() that set the correct duty cycle for each channel. 
 
void setup () { 
… 
// TIMER 1-A e 1-B INITIALIZATION 
  TCCR1A = B10100010;         // Fast PWM, ICR1 TOP value 
  TCCR1B = B11001;                // prescaling by 1 the system clock 
  // AMPLITUDE frequency must be at least 0.2 MHz 
  ICR1 = 80;                              // 80 steps, from a system clock frequency of 16 MHz 
  OCR1A = 0;                            // 0% PWM at the beginning 
  OCR1B = 0; 
… 
} 
 
void setDC1 (int dutyCycle) { 
  // the function sets the timer after the setting of the flow rate for the first channel. The input  
  // of the function is the desired duty cycle. The value of the output compare register (OCR1A) 
  // is obtained by rounding to the integer value the result of the proportion. 
  cfrValue = ceil(80*dutyCycle/100); 
  OCR1A = cfrValue; 
} 
 
void setDC2 (int dutyCycle) { 
  cfrValue = ceil(80*dutyCycle/100); 
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  OCR1B = cfrValue; 
} 
 
 Frequency control. When the flow rate is confirmed, ICR1 and ICR3 are set to 
adjust signal frequency. Duty cycle is always set to 96%. If flow rate is cancelled, 
ICR1 and ICR3 are set to 0. Here is the code that sets timer 1-A and 3-A control 
registers and functions setFREQ1() and setFREQ2() that set the desired 
frequency. 
 
void setup () { 
… 
// TIMER 1-A INITIALIZATION 
  TCCR1A = B10000010;          // Timer 1-A, fast PWM, ICR1 TOP value 
  TCCR1B = B11100;                // /256 prescaling 
  ICR1 = 0;                                 // no signal is generated at the beginning 
  OCR1A = 0;                            // 0% duty cycle 
   
  // TIMER 3-A INITIALIZATION 
  TCCR3A = B10000010;        // Timer 3-A, fast PWM, ICR3 TOP value 
  TCCR3B = B11100;              // /256 prescaling 
  ICR3 = 0;                               // no signal is generated at the beginning 
  OCR3A = 0;                          // 0% duty cycle 
… 
} 
 
void setFREQ1 (int period) { 
  // the function sets the correct flow rate for the first channel by adjusting the control 
  // frequency. The input of the function is the desired period. ICR1 register is set to  
  // this value, while OCR1A always generates a 96% duty cycle. 
    ICR1 = period;               
    OCR1A = ceil (0.96*period); 
} 
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void setFREQ2 (int period) { 
    ICR3 = period;                       
    OCR3A = ceil (0.96*period); 
} 
 
After confirmation, the system is in an “IDLE” state, where Arduino sends the correct 
control signals to the drivers, but the safety switch is off and the drivers do not receive 
any power supply. Hence, the user must switch on the safety switch to run the pumps. 
Only for frequency control, when the user switches on the pumps after flow setting for 
the first time, the flag filled results FALSE. As at low flow rates the micropumps show 
difficult suction, the function RAPID FILLING sets a high flow rate for a few seconds by 
default. In this way, the first suction is quickly obtained, and the flag filled is set to 
TRUE. After a few seconds of high flow rate operation, the micropumps start working at 
the previously chosen flow rate. 
2.5 ELECTRONIC AND FLUIDIC CHARACTERIZATION 
The result of the electronic design is a simple fluidic actuation system, composed by 
different parts: the 4 piezoelectric micropumps, which are the core of the actuation 
device, an Arduino microcontroller, 4 drivers, one for each micropump, and a user 
interface. The aim of the electronic design is to control the 4 micropumps in a 
customized, flexible and intuitive way, obtaining stable and repeatable results. 
In order to verify these features, an electronic and fluidic characterization was carried 
out in several steps. Each level of the characterization was aimed at verifying and 
characterizing the different blocks composing the control board, and the micropumps. 
In the first phase, the output signal of the drivers was measured, verifying the correct 
dependency of the actuation amplitude and frequency on the control signal sent by 
Arduino and analysing the variability between different drivers.  
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In the second phase, the micropumps were connected to the drivers, and the flow rate 
delivered with open fluidic circuit was characterized. The goal of this step was to find 
the correct parameters to reach the desired flow rate range. Indeed, as previously told 
the desired fluidic range is far from the standard and well characterized operating 
conditions. Hence, an experimental characterization was needed to verify the 
possibility to reach low flow rates and to find the most stable and flexible control 
strategy. During the second phase of the characterization, the micropumps were also 
tested when placed into the assembled actuation system, evaluating whether the 
different configuration of the fluidic circuit generates relevant differences in their 
behaviour. At the same time, the intuitiveness and ease of use of the user interface 
were tested.  
The third phase consisted in the fluidic characterization of the actuation system when 
actuating a bioreactor system with different configurations.  
Finally, the behaviour of the system was tested with long-term operation. The main 
goal of this phase was to verify that the device works with a stable behaviour for a long 
time with different environmental conditions. 
The methods and the results of the characterization will be described in more detail in 
chapter 4. 
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3 MECHANICAL DESIGN 
The aim of this chapter is to describe the mechanical design of the CO.M.P.ACT. device. 
The main feature of the design is the possibility to compact into a unique object most 
of the fluidic circuit needed to actuate correctly a bioreactor system, that is, the fluidic 
actuation device, the mixing chamber and the connecting silicone tubes. This result was 
reached through a modular approach, as each component of the fluidic circuit is made 
by one or more modules assembled together to create a compact device. In this way, 
each module can be disassembled and easily removed, allowing simple cleaning and 
maintenance. All the components of the first prototype, except the mixing chamber, 
were realized in ABS, with the 3D printing technique. The resulting device is very 
compact, with overall dimensions of 87 x 70 x 127 mm, comparable to a multiwell plate. 
3.1 SYSTEM OVERVIEW 
The system is composed by 3 main blocks: actuation module (2), control and human 
interface module (3) and fluidic module (1) (Figure 3.1 (a)). 
Each module is designed to implement a very different function. 
 The actuation module contains, aligns and shields the micropumps during 
operation. Furthermore, it is designed so that every micropump can be 
singularly removed for manteinance, without invalidating the functionality of 
the working part of the system. 
 The control and interface module contains the control electronic board and the 
human interface, hence it has mainly structural and humidity resistance 
function.  
 The fluidic module is the reservoir of the fluidic system. It holds the culture 
medium, so it must be biocompatible, washable and sterilizable. Thanks to the 
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modularity of the system, this module can be washed and sterilized without 
affecting the electronic parts.  
 
 
Figure 3.1 (a) and (b): Design principle diagram (a) and 3D exploded view of the system (b), where fluidic module (1), 
actuation module (2), and control and human interface module (3) are in evidence. 
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In the following paragraphs, the design of each block, materials and methods will be 
described. 
3.2 ACTUATION MODULE 
The core of the actuation system are 4 piezoelectric mp6 – micropumps. In order to 
contain, align and shield the micropumps, holders and micropump housing were 
designed. This system will be described in the next paragraphs. 
3.2.1 Holders 
The micropumps receive their actuation signal through electrical wires that connect 
them to the control board, and each micropump is connected to a Molex connector 
through a flexible PCB connector (Figure 2.15). As the flexible PCB is delicate to handle 
and easy to bend, the holders were designed to protect it. Indeed, they avoid relative 
movements between the body of the micropumps and the electric wires. The holders 
also protect and support the micropumps with the correct orientation when 
assembling the device. 
         
Figure 3.2: Exploded view (a) and assembled view (b) of female holder (red), male holder (grey) and micropump. PCB 
flexible connector and Molex connector (yellow) are also represented. 
The holder is composed by a male and a female holder (Figure 3.2). The female part has 
a slot where the pump can be securely placed. The male part joins the female one, 
closing the slot. A screw assures the fixed contact between the parts. The inlet and the 
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outlet of the micropump are left uncovered, so that they can be easily connected with 
silicone tubes to the cell culture systems. 
3.2.2 Micropump housing 
The micropump housing (Figure 3.3) is the front hand of the actuation module. When 
the device is closed, it houses the holders. It firmly grips holders, avoiding micropump 
displacement while the system is running, and protects micropumps from external 
humidity. 
               
Figure 3.3: Micropump housing in two different perpectives. 
The base of the housing shows 4 runners where holders can slide, preventing them 
from orthogonal displacement. Their design permits the alignment between pump 
holders and holes in the front hand of the micropump housing. These holes are the 
interface between pumps and MultiDyn, and, as shown in Figure 3.4, their position is 
aligned with the inlet channels of the bioreactor system. The aim of this feature is to 
simplify the future design and realization of a further interface with the bioreactor 
system. 
The lateral walls of the housing are transparent to let the user check the correct 
configuration of the connection silicone tubes inside the device at any time.  
On the rear, 4 cylindrical spines (not shown in Figure 3.3) are placed to assemble the 
micropump housing with the mixing chamber.  
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Figure 3.4: Runners and front holes are vertically (a) and horizontally (b) aligned with MultiDyn inlet channels. 
On the upper surface, two sliding blocks are designed to slide into complementary 
runners on the electronic shield. These features have a key role for assembly, as 
explained in paragraph 3.5. 
Finally, on the front wall two stroke limits with triangle shape are designed to stop the 
run of two closing blocks, as it will be explained in paragraph 3.5. 
3.3 CONTROL AND HUMAN INTERFACE MODULE 
This module is composed by the electronic case, the top and two closing blocks (Figure 
3.5). 
 
Figure 3.5: 3D exploded view of the control module with electronic shield, top and two closing blocks. 
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The main feature of the electronic shield and its top is to house and protect the 
electronic board from humidity.  
The top is screwed to the shield. 4 blind holes are prearranged at the 4 angles of the 
shield, while a male – female joint assures correct alignment, closure and humidity 
resistance (Figure 3.6). 
             
Figure 3.6: Male – female joint between top and shield. The profile of the top follows the shape of the electronic 
shield, assuring correct closure. 
The inner part of the shield is flat and hollow. 3 holes are positioned on the floor of the 
chamber to screw the electronic control board. The left wall of the chamber has holes 
for LEDs and pushbuttons of human interface, while the rear wall shows the holes for 
micro USB connector and supply connector. Two protrusions on both sides of the shield  
facilitate the grip for assembly and disassembly (Figure 3.7). 
 
 
Figure 3.7: Electronic shield in two different perspectives. 
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4 slots were designed to house the micropumps holders in the bottom part of the 
shield (Figure 3.8). In this way, the electronic board can be directly connected to the 
pumps by the wires. Two borders were designed on both front and rear sides of the 
slots to improve the holder – shield joint. The front border also assures the correct 
screwing of the holders. 
 
 
Figure 3.8: Detail of slots and borders for coupling with holders. 
Finally, the closing blocks on the front wall lock the device when assembled (Figure 3.9). 
They are fixed to the shield with two cylindrical spines, so that they can be easily 
turned with fingers. Their shape eases both clockwise and counterclockwise rotation, 
maximizing contact area with micropump housing and improving their effectiveness. 
 
 
Figure 3.9: 3D view of closing block (a) and correct positioning when the device is assembled (b). 
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3.4 FLUIDIC MODULE 
The mixing chamber contains the culture medium, avoiding any leakage (Figure 3.10). 
 
 
Figure 3.10: 3D exploded view of the fluidic module. The mixing chamber (1), 4 silicone wedges (2) and the top (3) are 
shown. On the top, the sliding module and the rounded block are screwed. 
Referring to Figure 3.10, the chamber (1) is divided into 4 equal sub-chambers. The 
internal partition keeps separate the environments, allowing to carry out at least 4 
independent experiments. Each partition has a hole for the inlet tube, placed on the 
rear plate, and one for the suction tube, placed on the top (3), that allows the suction 
tubes keeping vertical position. The 4 sub-chambers have a sloped floor, obtained by 
applying a silicone wedge on the base of the chamber (2). In this way, suction tubes 
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extremities are placed in the deepest point of the chamber, being immersed even with 
small amounts of fluid.  
Each sub-chamber is designed to hold more than 12 ml of fluid, which is a suitable 
volume to assure the filling of one MultiDyn ridge. 
The top is screwed to the chamber, and a male – female joint assures correct 
positioning.  
As shown in Figure 3.10, two more plastic parts are screwed to the top. A sliding module 
is fixed in the middle of the top and it slides into complementary runners into the 
electronic shield. The rounded block avoids the bending of the suction tubes. These 
parts can be removed before sterilization. The position of the screws is studied to avoid 
the contact between metal parts and the inner volume of the chamber. 
The materials used for mixing chamber are poly-methyl methacrylate (PMMA) for the 
wall and poly-dimethyl siloxane (PDMS) as a filler to assure the watertightness of the 
interfaces. 
PMMA is widely used for biomedical applications in different fields because of its 
biocompatibility and its resistance to long exposure to human cells and tissues. For 
example, bone cement for orthopaedic implants, dentures and fillings use PMMA as 
main component. Moreover, PMMA-based copolymers achieve mechanical and optical 
features suitable for hard contact lenses, or intraocular lenses [38]. 
For our application, PMMA 4.5 mm thick plates were used to assemble the mixing 
chamber. They are transparent, so that the user can easily check the inlet and outlet 
tubing setting within the chamber, and light, in order to keep the overall weight low. 
Different plates were stuck together to create the chamber. Slots were obtained by 
milling, with a Bridgeport vertical milling machine, while holes for screws and spines 
were obtained by drilling.  
Key features fit PDMS too for a wide range of biological and microfluidic uses. It is 
biocompatible, transparent, and it can be easily moulded. Unlike PMMA, PDMS is 
  60 
flexible and deformable. This allows easy realization of leak-proof fluidic systems. 
Therefore, PDMS was used to mould the sloping floor of the mixing chamber and to fill 
the slots between plates.  
The silicone sloping floor within each sub-chamber was obtained in the following way. 
Sylgard 184 silicone elastomer kit (Dow Corning, Midland, Michigan, USA) supplies two-
part base and curing agent in a 10:1 ratio. Base and curing agent were vigorously mixed 
together, and then put under vacuum to remove bubbles. The mixture was poured in a 
Petri dish of suitable dimensions and put under vacuum again to make the compound 
as smooth as possible. Finally the Petri was positioned into the oven with the correct 
slope and it was baked at 37°C for 24 hours. The resulting PDMS layer was then cut in 
the desired shape and stuck on the floor of the chamber. Finally, all slots were filled 
with a thin layer of silicone to assure complete separation between compartments and 
to avoid any leakage. 
3.5  DEVICE ASSEMBLY 
In this paragraph the assembly of the system will be described step by step. 
 Once the correct amount of fluid is poured in the mixing chamber, the top must 
be closed and further parts must be applied to the top. Screw position is 
indicated by the arrows in Figure 3.11.  
 Then, mixing chamber and micropump housing must be joined. 4 cylindrical 
spines are applied on the rear part of the housing, and 4 complementary holes 
are prearranged on the front of the mixing chamber, as shown in Figure 3.12 (a). 
The two parts must be gently pressed together along x direction. 
 Each micropump must be placed into the corresponding holder. First, the 
micropump is placed in the female holder, then the male holder closes 
micropump inside. In this phase, it is important to keep pumping direction as in 
Figure 3.13 (a). Male and female are then screwed together as in Figure 3.13 (b). 
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Figure 3.11: Screw position in the mixing chamber. 
      
Figure 3.12 (a) and (b): Holes for spines (a) and mixing chamber and housing assembled (b). 
 
Figure 3.13 (a) and (b): Disassembled holder, with pumping direction highlighted (a), and assembled holder, where 
arrow shows screw position (b). 
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 The top must be screwed to the electronic shield. Position of screws is shown in 
Figure 3.14. 
 Each holder must be fixed to the electronic shield, so that these parts can move 
together as a unique block. Screw position is shown in Figure 3.15 (a) and (b). 
The holders must be inserted in 4 rectangular slots until end stroke and screws 
must be positioned. Both slots and borders guide the correct assembly of 
holders.  The length of the electric wires allows assembly and disassembly of 
holders even when micropumps are electrically connected to the control board, 
without opening the electronic shield. Otherwise, the user can connect the 
micropumps to the electronic shield by opening the top after the assembly. 
Pay attention that in common experiments the assembly of holders or 
electronic shield is not required. This phase has to be accomplished only in case 
of failure when one or more pumps must be replaced. 
 The suction tubes must be singularly connected to the inlets of the micropumps. 
Then, the control module must be assembled together with the mixing chamber 
and the micropump housing (Figure 3.16) in the following way.  
The blocks must be vertically moved to join the bottom part of electronic shield 
to the upper surface of both mixing chamber and housing (Figure 3.16 (a)). The 
system of sliding blocks and runners keeps the 2 blocks correctly positioned. 
When the device is assembled, this system is hidden inside the structure, 
reducing external surface discontinuities.  
The upper block must horizontally slide until the end stroke, so that the front 
holes house the outlets of the micropumps (Figure 3.16 (b)). To lock the device 
and avoid opposite sliding movement, front closing blocks must be vertically 
turned (Figure 3.16 (c)). 
 Hence, the pump is connected to the bioreactor through silicon tubes, applied 
to the outlets of the pumps. The sloping shape of the front holes reduces wall 
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thickness at inner diameter. By this way, tubes thickness completely fills the 
holes and assures humidity resistance. Finally, the outlet tubes of the bioreactor 
must be placed in the holes realized in the rear wall of the mixing chamber, in 
order to close the fluidic circuit composed by the pumping system and the cell 
culture system (i.d. MultiDyn). 
After connection to the bioreactor, the pump is ready to be used (Figure 3.17). 
 
Figure 3.14: Assembly of the electronic shield and the top. 
 
Figure 3.15 (a), (b) and (c): Screw position on both holder (a) and electronic shield (b), and final result (c). 
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Figure 3.16 (a), (b) and (c): Steps to do to complete the assembly. 
 
Figure 3.17 (a) and (b): Disassembled (a) and disassembled (b) prototype of the system. 
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4 SYSTEM TESTING AND DISCUSSION 
As described in the previous chapters, the design of the pumping device is divided into 
an electronic and a mechanical part. The electronic design is aimed at the reliable and 
flexible control of the piezoelectric micropumps through an intuitive and user-friendly 
interface. On the other hands, the mechanical design was focused on containing and 
protecting all the electronic parts and including the fluidic circuit into a compact object, 
though maintaining a simple and smooth assembling mechanism.  
Hence, the main goal of the study is to verify the correct working of the designed 
system from both the fluidic and mechanical point of view. The testing of the system is 
then divided in two main parts, involving the mechanical design and the fluidic 
actuation respectively. 
4.1 MECHANICAL TESTING 
The first feature of the overall mechanical design is the guarantee of a smooth and easy 
assembly of all the modules. In order to verify this feature, all the components of the 
first prototype, except the mixing chamber, were 3D-printed in ABS, using a 
commercial 3D printer (Dimension Elite, Stratasys Ltd., Revohot, Israel). Hence, all the 
ABS modules and the mixing chamber, realized as described in chapter 3, were 
successfully assembled together (Figure 4.1). The assembling mechanism and the 
connection of the inner tubes proved easy even for people who assembled it for the 
first time. 
Furthermore, the structure of the mixing chamber must avoid any leakage of the 
culture medium. As described in chapter 3, the mixing chamber was realized with 
PMMA and silicone, and all the parts were glued together. As this technique is not 
waterproof, all the edges were sealed with a layer of biocompatible silicone to avoid 
the leakage of the culture medium through the slots. Furthermore, the top of the 
chamber and the top of the inner division walls were covered with silicone too. In this 
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way, when the top is correctly screwed to the chamber, the two layers of silicone are in 
contact, and there is no medium exchange between two adjacent sub-chambers. This 
feature also improves the overall insulation, avoiding the leakage of the medium 
outside the chamber. In this way, the mixing chamber can be handled without any 
leakage even when filled with the culture medium. These measures led to a satisfying 
and leakage-proof mixing chamber (Figure 4.2). 
 
 
Figure 4.1 (a) and (b): Disassembled (a) and assembled system (b). 
 
 
Figure 4.2: Leakage test in which only one compartment of the chamber is filled with water. The fluid does not leak in 
the adjacent compartment. The arrows indicate some slots, while the circle indicates the upper surface of a division 
wall covered by silicone to avoid leakage. 
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According to the general requirements of a pump for applications in cell culture 
experiments, the design of the overall system was made to improve the humidity 
resistance of the device, in order to allow the operation of the system into the 
incubator. 
Even though the ABS-prototyped system is not watertight, several measures were 
adopted to improve its resistance to humidity. In this way, experiments were made to 
verify its stability into the incubator, as it represents the actual and most challenging 
operating environment for the pump (paragraph 4.2.4). The LEDs of the interface and 
the safety switch were glued to the electronic case with small quantities of silicone. In 
addition, the upper edge of the electronic case was covered with a layer of silicone in 
order to seal the closure.  
The holes for the microUSB connector, on the rear wall, and for the outlets of the 
micropumps, on the front wall, were covered with suitable caps. A mold was designed 
and 3D printed to accurately reproduce the shape of the holes, and a small amount of 
silicone was poured into the mold, creating complementary caps. The USB hole was 
then closed with this removable silicone cap, while the outlet holes were covered by 
modifying in a suitable way the extremity of the connected silicone tubing (Figure 4.3).  
 
 
Figure 4.3: ABS mold (1) with the removable USB cap (2) and the modified extremities of the connection tubes (3). 
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4.2 FLUIDIC CHARACTERIZATION 
The aim of the electronic design is to generate a reliable and flexible control of the 
piezoelectric micropumps through an intuitive and user-friendly interface. Therefore, 
an electronic and fluidic testing was made at several levels, in order to verify the 
correct functioning of Arduino, of the drivers, of the micropumps and of the user 
interface. 
Recalling that two control strategies were developed, as described in chapter 2, the 
tests were carried out with both amplitude and frequency control, in order to compare 
their flexibility and the repeatability of the obtained results. 
The characterization of the system can be divided in 4 main steps. With the first step, 
the first level of the control circuit was tested, comparing the output signal from the 
drivers with different control signals sent by Arduino. Then, the micropumps were 
connected to the drivers, and their flow rate was measured. Furthermore, the 
actuation system was tested in terms of repeatability of the delivered flow rate into the 
assembled system. Finally, the behaviour of the fluidic system was evaluated when 
connected to different bioreactor systems and with long-term operation in different 
environmental conditions.  
In the first and second phase, the different control strategies were compared. As 
reported in the following paragraphs, when the actuation system is tested into the 
assembled device, the frequency control proved more reliable than the amplitude 
control, which was excluded. Hence, the subsequent phases were carried out 
employing only the frequency control strategy. 
In the following paragraphs, the methods and the results of each step will be described 
and discussed.  
4.2.1 Preliminary characterization: testing the drivers mp6-OEM 
At first, the drivers and the micropumps were randomly assigned with a number from 1 
to 5, so that the behaviour of each one could be analysed in detail.  
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Then, the driver testing was carried out with both amplitude and frequency control. 
The goal of the first phase was to evaluate the variability of the actuation signal 
generated by the drivers in terms of actuation, amplitude and frequency, using the 
same control signal sent by Arduino. 
The circuit composed by Arduino and the driver mp6-OEM was prototyped on a 
breadboard, testing one driver at once. An oscilloscope (DS3014B Oscilloscope, 
Tektronix, Oregon, USA) was connected to read both the control signal generated by 
Arduino and the output signal generated by the driver. 
In both control strategies the sketch used for the characterization was different from 
the final one. Indeed, as the testing was aimed at verifying the correct working and the 
variability of the drivers, the user interface was not included, and the control 
parameters were set through the Arduino serial port with display instructions. In this 
way, the points chosen for the characterization were not limited to the 4 points chosen 
for the final system.  
4.2.1.1 Amplitude control 
The analysis was performed with fixed frequency and variable duty cycle, measuring 
the output Vp-p and frequency. For the sake of simplicity, the internally adjusted 
frequency of 400 Hz was used, while the duty cycle of the control signal varied between 
0 and 100% with a 10% step. The output signal generated by each driver was measured 
with the oscilloscope, both in terms of actuation peak-to-peak voltage and frequency. 
The Vp-p generated by each driver for each duty cycle showed a ± 2V error, thus 
resulting very accurate. However, a certain variability was found between different 
drivers. Figure 4.4 shows the mean Vp-p generated by the 5 drivers, and results under 
30% were not shown, since they could not generate a periodic output signal. 
A maximum standard deviation of 5.2% was found with the 30% duty cycle. Though not 
null, the variability of the Vp-p between the drivers was considered acceptable. However, 
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the drivers also generated a slightly different actuation frequency. Indeed, the mean 
actuation frequency of 100 Hz showed a maximum standard deviation of 3.4%. 
 
Figure 4.4: Mean Vp-p of all the 5 drivers as a function of duty cycle of the PWM control signal. Flow rate as a function 
of duty cycle, with AMPLITUDE control; max standard deviation of 1.5% (b). 
The results of this preliminary test show that, when using the amplitude control 
strategy, the output Vp-p linearly depends on the duty cycle, implementing a simple and 
flexible control. However, the drivers show a certain degree of variability in both 
actuation amplitude and frequency, introducing further variations in the downstream 
actuation system.  
4.2.1.2 Frequency control 
The analysis of the actuation signal was performed with maximum amplitude, internally 
adjusted by the driver, and variable frequency. The software control of the actuation 
frequency is recommended by the datasheet when low frequencies must be applied. 
Hence, the range of control frequencies was chosen below 25 Hz, that is the lowest 
frequency recommended with a hardware control. The actuation amplitude and 
frequency were measured for all the drivers. The results obtained for the mean 
actuation amplitude are shown in Figure 4.5. In this case, the control signal had a 
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different waveform from the square wave when lowering the control frequency. The 
waveform showed a sloped shape, with relevant voltage peaks. Hence, in order to 
exclude the voltage peaks and to have more accurate results, the oscilloscope was set 
to measure the amplitude, and not the Vp-p.  
 
 
Figure 4.5: Mean actuation amplitude (V) generated by the drivers with different control frequencies. 
The actuation amplitude shows a slight increase with the control frequency. For each 
frequency, the maximum standard deviation calculated on all the drivers is about 3%, 
which can be considered an acceptable result. The actuation frequency, instead, 
accurately reflected the one used in the control signal with a 4:1 ratio, removing a 
degree of variability for the control of the downstream actuation.  
Therefore, the results obtained with the frequency control are less variable and more 
accurate than with amplitude control. For this reason, a more detailed analysis of 
drivers and micropumps was carried out with the frequency control. 
4.2.2 Open-circuit fluidic characterization 
In the second testing phase, the micropumps were characterized with open fluidic 
configuration, both outside and inside the assembled system (Figure 4.6 (a) and (b)) 
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with deionized water at room temperature. The main goal of this phase was to find the 
correct working point for the desired flow rate range. Furthermore, the best control 
strategy to be included into the device was chosen comparing the flexibility of the 
fluidic actuation and the repeatability of the fluidic results. Finally, the fluidic tests 
involving the assembled system were aimed at understanding how the different 
disposition of the elements of the fluidic circuit influences the behaviour of the 
micropumps. 
 
Figure 4.6 (a) and (b): Open fluidic circuit outside (a) and inside (b) the assembled system. 
Referring to Figure 4.6 (a), the whole fluidic circuit was kept at the same level, in order 
to minimize the back-pressure generated by differences in height. A suitable amount of 
water was poured in a suction Petri dish and the suction tube was always kept under 
the water surface to not incorporate bubbles. Another Petri was put downstream for 
leakage. Silicone tubes with 1 mm internal diameter, 3 mm external diameter and 15 
cm length were applied to the micropump inlet and outlet.  
The control parameter was set via serial port with Arduino. For an easier measurement, 
the control code was supplemented with a segment that kept pumps on for 60 seconds 
after receiving user setting, then switched them off automatically. In this way the 
measures of the flow rate were very accurate, repeatable and normalized on a per 
minute base. 
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After the characterization outside the device, the pumps were tested into the 
assembled system (Figure 4.6 (b)). The fluidic circuit was composed by the mixing 
chamber, the suction tubes connected to the micropumps and the micropumps 
themselves, hidden into the device. Four output tubes were connected to the outlets of 
the micropumps, leaking into 4 Petri dishes. 
The starting amount of fluid in each compartment of the mixing chamber was chosen 
as 10 mL. This volume allowed obtaining a whole dataset of flow rate measures without 
refilling the chamber. The control of the operation time was not automatized in this 
case, as the device already includes a safety switch that allows switching on and off the 
micropumps immediately (paragraph 2.3). The control parameter (duty cycle or 
frequency according to the control strategy) was directly set through the user interface, 
verifying at the same time its stability and effectiveness.  
In both cases, at the beginning of the flow rate measurement the fluidic circuit was 
filled and the pumped fluid was collected after a transient, in order to avoid bubbles. In 
all the measurements performed, the fluid pumped after one minute operation was 
weighed with a precision scale, considering 1 g equal to 1 ml of water. Fluidic 
measurements were repeated 3 times for each value of the control parameter, except 
where differently specified, in order to give statistical consistence to each dataset.  
4.2.2.1 Amplitude control  
The micropump 1 was connected to the driver 1, controlled as described in paragraph 
4.2.1, and the flow rate delivered with the fluidic configuration shown in Figure 4.6 (a) 
was measured. Each point in the graph in Figure 4.7 represents the mean value of three 
fluidic measurements, with a maximum standard deviation of 1.5%. 
As previously told, the drivers were first tested with internally regulated frequency at 
default value, and variable duty cycle. Though obtaining an accurate and linear 
behaviour, this test demonstrates that the micropumps can reach a minimum flow rate 
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of 2 mL/min with a simple control of duty cycle, which is too far from the desired range. 
Hence a further reduction of the actuation frequency is required. 
 
Figure 4.7: Flow rate delivered by the micropump with open fluidic configuration, with fixed frequency and variable 
duty cycle. 
The actuation frequency was then lowered through the hardware control of CLOCK 
signal. The circuit configuration was set as shown in Figure 2.11 (a): 10, 22 and 44 nF 
capacitors were tested, generating control frequencies of 90, 40 and 20 Hz respectively. 
Only duty cycles between 30 and 60% were applied, in order to understand how the 
micropump behaves at the lowest flow rates. The results obtained with this 
experimental setup are shown in Figure 4.8, where each point is the mean flow rate of 3 
repeated measures. The standard deviation obtained for each sample was less than 1%. 
The graph shows that when the applied capacitance increases, the slope of the 
characteristic curve decreases. Each capacitance covers a different range and, recalling 
that the desired one is between 150 and 500 µL/min, the suitable flow rates can be 
only achieved with the 44 nF capacitance, represented by the lowest curve in Figure 4.8. 
Experiments were carried out to further lower the minimum flow rate. The datasheet 
suggests the connection of 10 kΩ series resistors on the P1+ and P2+ lines of the driver 
to reduce the audible noise generated by the pumps. As a side effect, the resistors 
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should also reduce the maximum performances of the pumps. Hence, resistors were 
connected, but no significant reductions were observed at the analysed flow rates. 
 
Figure 4.8: Flow rate as a function of duty cycle and capacitance C1. 
After individuating the suitable capacitors, all the other micropumps were 
characterized with the control of the driver 1, with the results shown in Figure 4.9 (a) 
and (b). In this case, besides the standard deviation generated by each micropump, 
which did not exceed 5%, the deviation was also calculated for the mean flow rate 
generated by all the micropumps, in order to verify the overall accuracy. In this case, 
the total standard deviation was 5.2% for 30% duty cycle. 
The graph in Figure 4.9 (a) shows that different micropumps tested with the same driver 
and the same electronic components have different characteristic curves, showing a 
certain degree of inner variability. Even though the overall standard deviation has its 
maximum value of 5.2%, the average slope of the 5 characteristic curves has a standard 
deviation of 8.4%, showing high variability. Furthermore, in some cases the pumps 
showed slow and difficult suction at low flow rates in no repeatable way. 
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Figure 4.9 (a) and (b): Flow rate of each micropump (a) and mean flow rate (b) with a 44 nF capacitance and open 
fluidic circuit. 
Hence, using this control strategy, both drivers and micropumps showed a certain 
degree of variability. This drawback was even more evident in the testing of the 
assembled system, as it will be described below.  
The assembled pumping system was tested with all the channels activated at the same 
time, with open fluidic circuit (Figure 4.6 (b)). The fluidic characterization, however, did 
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not give repeatable results, as the pumps showed difficult suction from the mixing 
chamber even with a 100% duty cycle, hence with the maximum flow rate allowed by 
the control strategy.  
Indeed, the design of the fluidic circuit generates a difference of height between the 
suction point and the micropumps (Figure 4.10 (a) and (b)). When operating at low flow 
rates, the piezoelectric actuators operate with lower frequency and amplitude, so the 
vacuum region generated by the suction of the micropump is not strong enough to 
prime the fluid effectively and reliably. Moreover, during the operation, some 
micropumps stopped working. With an amplitude control at low duty cycles, charge 
accumulation phenomena become more relevant and they were assumed to prevent 
the normal working of the piezoelectric crystals. Indeed, the damaged micropumps 
recovered their functionality after brief operation with high frequency and duty cycle.  
 
 
Figure 4.10 (a) and (b): Disassembled and assembled detail of the suction tubes between the mixing chamber and the 
micropumps. When assembled, the height difference is 3 cm. 
The amplitude control is a simple strategy that implements a linear dependency of the 
flow rate on the duty cycle of the PWM control signal generated by Arduino. However, 
this strategy showed low repeatability and flexibility. Indeed, different drivers 
generated output signals with different amplitude and frequency, and the pumps 
showed different characteristic curves even with open fluidic circuit. The operating 
conditions obtained with this strategy are not well characterized by the datasheet. 
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Indeed, at low flow rates the control of the frequency with maximum amplitude is 
recommended as a more stable and reliable control.  
Furthermore, the maximum flow rate is limited by the value of the capacitor applied to 
the driver. In fact, once a capacitance is included in the control circuit, it cannot be 
changed during operation, preventing broad variations of the available flow rates. 
Hence, this kind of hardware control is less flexible than a software one.  
For all these reasons, the amplitude control strategy was finally discarded for the final 
system.  
4.2.2.2 Frequency control 
A study was made to understand how the variability between different drivers and 
micropumps influences the delivered flow rate. The micropump 1 was connected to 
each driver, and the flow rate delivered at the control frequency of 5 Hz was measured. 
In a similar way, all the pumps were singularly connected to the driver 1, and the flow 
rate was measured, underlining the inner variability of the micropumps. The flow rate 
was measured with three repetitions for each sample. In order to exclude the drivers 
and micropumps with significantly different performances, the results were analysed 
with an independent two-sample t-test with a significance level of 0.05, carried out 
between the different sample and the population composed by the other samples. 
The first test (Figure 4.11 (a)) shows that the driver 2 generated a significantly higher 
flow rate than the other ones, with equal driving frequency. The inequality between 
the driver 2 and the other ones was also confirmed by the statistical t-test. Hence, 
excluding the driver 2 from the study, the overall standard deviation was reduced from 
29% to 3.5%. 
The second test (Figure 4.11 (b)) shows that the flow rate generated with the same 
driver by different micropumps had an overall low variability. In fact, the total standard 
deviation was less than 5%, thus considered acceptable. Anyway, the pump 5, that 
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showed a slightly higher flow rate than the others, was excluded by the study, 
obtaining a standard deviation lower of 2.8%. 
 
 
Figure 4.11 (a) and (b): Flow rate delivered by the micropump 1 when controlled by different drivers (a) and flow rate 
delivered by all the micropumps controlled by the driver 1 (b) with a control frequency of 5 Hz. 
Finally, all the pumps were singularly characterized with the same electronic and fluidic 
setup with control frequencies between 5 and 20 Hz, using the driver 1 (Figure 4.12 (a) 
and (b)). The standard deviation of each sample was less than 1.5%, showing a more 
accurate behaviour than with amplitude control. Furthermore, the overall standard 
deviation, roughly constant in the range of interest, was about 3.7%, and the 
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characteristic curves had a mean slope with a standard deviation of 3.9%, much lower 
than observed with the amplitude control. 
 
Figure 4.12 (a) and (b): Flow rate delivered by each micropump (a) and mean flow rate generated by the 5 
micropumps as a function of the control frequency (b). 
The following step was the fluidic characterization of the assembled device. A suitable 
set of control frequencies was chosen from the fitting curve in Figure 4.12 (b), in order 
to cover appropriately the required flow rate range (150 – 500 µL/min), and the 
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behaviour of the pumps was characterized. Each point in the graph in Figure 4.13 (a) 
represents the mean value of 10 repeated measures. The first graph shows the flow 
rates obtained by each channel with an open circuit fluidic configuration, while Figure 
4.13 (b) shows their overall mean values and standard deviations.  
 
 
Figure 4.13 (a) and (b): Flow rate generated by each channel with frequency control and open circuit fluidic 
configuration (a) and mean flow rate (b). 
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The behaviour of the pumping system with open circuit fluidic configuration was 
accurate and repeatable, as the overall maximum standard deviation, reached with 150 
µL/min, was 4.4%. 
In this first characterization of the assembled system, the operation of the pumps was 
more stable than with amplitude control and no pumps stopped working. However, the 
pumps showed the same suction problems. For this reason, in order to allow the rapid 
suction of the culture medium, the control software of the pumps was set for a brief 
high-speed operation when switched on for the first time, with the RAPID FILLING 
function already described in chapter 2. Indeed, unlike the amplitude control strategy, 
no upper limit is imposed to the flow rate by the electronic configuration of the control 
board, and any flow can be set by manually changing the control code. 
Excepting for the discussed suction problems, the mean behaviour of the fluidic 
actuation system when in the assembled system is not significantly different from the 
results obtained with the characterization outside the assembled device. Indeed, the 
characteristic curves in Figure 4.12 (b) and in Figure 4.13 (b) have very similar equations 
for linear regression, as the difference between their slope is 3.6%.  
Therefore, during the open circuit testing the working point of the micropumps was 
successfully individuated, and the best control strategy to be included in the final 
device was chosen. The drawbacks related to the mechanical design of the fluidic 
circuit were solved, and the system was fluidically characterized, resulting stable and 
repeatable.  
4.2.3 Connection to a bioreactor system 
The pumping system was characterized with 3 different fluidic configurations, in order 
to understand how the back-pressure opposed by the fluidic circuit influences the 
delivered flow rate.  
The pumping system was connected to several bioreactors already tested and used for 
cell cultures. In more detail, MultiDyn is still a bench prototype to be optimized, hence 
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several LiveBox 1 modules (LBs) were used as an equivalent system in terms of handled 
volume of fluid and fluidic resistance [1], [39]. The pumping system was tested with 1, 
2 and 4 series LBs for each channel (Figure 4.14 - Figure 4.16). 
 
Figure 4.14: Fluidic configuration with 1 LB connected to each channel of the pumping system. 
 
Figure 4.15: Fluidic configuration with 2 LBs connected to each channel. 
 
Figure 4.16: Fluidic configuration with 4 LBs connected in series to each channel. 
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Finally, the system was tested using only one pair of channels and then with all the 
channels activated at the same time, but the behaviour of the micropumps did not 
show significant differences and the result were not reported. 
The graph in Figure 4.17 synthetizes the results of the compared analysis, including the 
open circuit characteristic curve. Each curve represents the linear regression related to 
the mean flow rate delivered by the whole pumping system in different experimental 
conditions. Hence, each point was calculated as the mean flow rate delivered by the 4 
channels. The standard deviation, not reported in the graph, reached 7.7% with 4 series 
LBs, while for the other curves it did not exceed 5.2%. 
 
Figure 4.17: Comparison between the mean flow rates delivered with different experimental setups. The dotted red 
lines represents the 5% error with respect to the overall mean value. 
The graph shows that the mean flow rates generated by the pumping system were 
included into the uncertainty of ± 5%, represented by the dotted red lines. The 
conclusion that can be drawn is that the pumping system is accurate and it is not 
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affected by the back-pressure opposed by different bioreactor systems in a relevant 
way. 
A general increase in the variability between different pumps is observed when 
increasing the number of modules connected in series, due to the presence of longer 
silicone tubes and irregularities of the fluidic circuit. For instance, the pump 2 shows 
flow rates 10% lower than the mean value when actuating 4 series bioreactors. This 
increases the standard deviation of the mean flow rate, even if the absolute value of 
this difference is only 20 µL/min.  
4.2.4 Long term operation 
Finally, in the last phase the stability of the system was tested with long-term operation 
(until 24 h) at room temperature, at 37 °C in dry environment inside a commercial oven 
(Digitheat, Selecta, Abrera, Spain), and into an incubator for cell cultures (Heraeus, 
Thermo Fisher Scientific, Waltham, MA, USA). The goal of this phase was to verify how 
the time and temperature of operation influence the delivered flow rate. Indeed, the 
functioning of the electronic instruments is generally guaranteed only at room 
temperature. The incubator was also employed to verify the resistance of the system to 
humidity > 90%, which is fundamental to set the pumping system for an effective and 
large-scale laboratory use. 
All the tests were carried out with deionized water, with all the channels activated at 
the lowest flow rate, chosen as the most representative for cell cultures applications, 
and with the outlet silicone tubes leaking directly into the mixing chamber, closing the 
fluidic circuit (Figure 4.18). For the tests at 37 °C, the device was connected to the 
power adapter, and it was put into the oven or into the incubator (Figure 4.19 (a) and 
(b)). 
The fluidic measures were repeated 3 times for each channel, weighing the pumped 
fluid after one minute of operation. For the intermediate measurements during the 
long term experiments into the oven and the incubator, the device was briefly removed 
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and stopped. The mean flow rate generated by each channel before, during and after 
the experiment was compared.  
 
 
Figure 4.18: The tubes connect the outlet of the pumps to the rear side of the mixing chamber, closing the fluidic 
circuit. 
 
Figure 4.19 (a) and (b): Device put into the oven at 37 °C (a) and into the incubator (b). 
At first, an 8-hours operation at room temperature was tested. The experiment was 
successfully carried out without stopping or significant heating of the control board. 
The flow rate delivered by each channel was measured both before and after the 
experiment. Hence, a small increase was observed in the delivered flow rate, with a 
mean value of 3%.  
Then, an 8-hours and 24-hours operation at 37 °C in dry environment were carried out. 
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The difference between the mean flow rate before and after each experiment was 
calculated. After 8 hours, the mean increase was 13%, while after 24 hours it was 20%. 
Though relevant, these increases led to flow rates around 200 µL/min, still compatible 
with laminar flow conditions needed for cell cultures.  
The 24-hours experiment in incubator was successful too, and it showed similar results 
in terms of delivered flow rates. Figure 4.20 shows the mean flow rate delivered by each 
channel. The maximum standard deviation generated by the single channels reached 
4.8%. 
 
Figure 4.20: Delivered flow rate as a function of the operation time into the incubator. 
The general increase of the flow rate observed in this testing phase can be explained as 
a combination of factors.  
First of all, the starting value of the characteristics in Figure 4.20 is higher than 150 
µL/min, observed in Figure 4.13 (b). This increase can depend on the different 
temperature of the water. In fact, at 37 °C the viscosity of the water is 40% lower than 
at 20 °C, according to the following formula [40]: 
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where T has units of Kelvin and µ has units of N*s/m2. 
This effect can be significant for the piezoelectric micropumps, due to their diaphragm 
working principle. Hence, the resulting flow rate is higher even if the actuation 
frequency is the same. 
Then, the drift observed after long operation time can be explained as the result of a 
further stabilization, or even heating, of the micropumps themselves.  
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5 CONCLUSION AND FUTURE WORKS 
During this work, a novel pumping system for dynamic cell cultures was designed, 
realized and characterized. The aim of the system is to simplify the experimental setup 
needed for dynamic cultures by setting and connecting the fluidic actuation system as a 
simple plug-and-play module with the desired cell culture system. 
At first, the disadvantages of the current fluidic systems needed for the actuation of 
dynamic cell cultures were analysed. They are generally composed by a pump, a mixing 
chamber and several connection tubes. All these elements generate disorder and 
sterility issues under laminar hood and into the incubator and they create a bulky and 
complex system, which does not prove easy to handle and set for biologists. 
Furthermore, the laboratory peristaltic pumps, which represent the current standard 
for the fluidic actuation of dynamic cell cultures, have several disadvantages that 
reduce their usability. They are heavy and bulky, they can only deliver the same flow 
rate for all the actuated channels and they are generally quite expensive. 
Hence, a COmpact Modular Pumping ACTuation (CO.M.P.ACT.) device was designed 
and realized, in order to compact into a unique object most of the fluidic circuit, 
simplifying the experimental setup needed for dynamic cell cultures. The CO.M.P.ACT. 
is small, with comparable dimensions to a multiwell plate, lightweight, with 4 
independently driven channels and usable in a humid and sterile environment, such as 
an incubator. Moreover, the system is compatible with MultiDyn in terms of number of 
actuated channels, required flow rate (150 – 500 µL/min), volume of fluid hold by the 
mixing chamber and mechanical design of the external case.  
As summarized below, the workflow of the thesis was divided into the electronic design 
and the mechanical design of the system. The results of the design were finally tested 
in the assembled device with different fluidic configurations and environmental 
conditions. 
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The core of the pumping system is composed by 4 piezoelectric micropumps, that allow 
actuating 4 separated channels with independent flow rates and reaching very small 
dimensions though maintaining a flexible and easy-to-control fluidic actuation. Two 
control strategies were implemented and compared, in order to include the most 
stable and flexible one in the final system. This was obtained through 2 control boards, 
one for each strategy, controlling the pumping system. The electronic circuits, each one 
including a microcontroller (Arduino Micro), the 4 drivers of the micropumps and an 
intuitive user interface, were prototyped on a stripboard. Two control codes were also 
developed and successfully tested.  
At the same time, the first prototype of the case was designed and realized with a 
modular approach and with different materials and methods for each module. The 
modular design allowed to include all the elements of the fluidic circuit, that is, the 
piezoelectric micropumps, the electronic control board and the mixing chamber, into a 
unique device with an easy-to-use setup. Indeed, all the parts can be removed for 
easier maintenance, and the mixing chamber can be cleaned and sterilized without 
affecting the electronic parts. In order to improve the usability of the modular device, a 
simple and quick assembly mechanism was designed and tested. All the slots and the 
sliding blocks needed for mechanical coupling were hidden into the device, leaving the 
external surface smooth and easy to clean. The modules included in the device have 
two main purposes: they must shield and protect the electronic components, and hold 
the culture medium without any leakage. Hence, the components of the electronic 
modules were 3D printed in ABS, while the mixing chamber was realized with 
biocompatible materials (PMMA and PDMS), and suitably glued and sealed to avoid any 
leakage.  
The whole system, including both mechanical and electronic components, was 
successfully assembled and characterized in terms of delivered flow rate with different 
fluidic configurations.  
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The CO.M.P.ACT. was first characterized with both the developed control strategies 
with deionized water at room temperature, with open fluidic circuit configuration and 
then connected to a bioreactor system. The modular bioreactor LiveBox 1 was chosen 
as a validated cell culture system with a fluidic design similar to MultiDyn slots. Finally, 
further tests were carried out to prove the functionality of the system after a long-term 
operation both at room temperature, at 37 °C in dry environment and into an incubator 
for cell cultures. 
The fluidic characterization with the chosen control strategy gave repeatable results. 
Indeed, the characteristic curves of the flow rate as a function of the control parameter 
with different fluidic configurations were all included into a 5% accuracy range with 
respect to the overall average value. The long term experiments at room temperature 
led to similar results, concluding that the CO.M.P.ACT. system has an accurate and 
stable behaviour at room temperature, and it is not influenced by the fluidic 
configuration of the actuated bioreactor in a relevant way.  
The long term experiments at 37 °C in dry environment showed a continuous and 
stable working, though a small increase of the delivered flow rate must be considered. 
Furthermore, the first prototype of the device, suitably modified as described in 
paragraph 4.1, successfully worked into the incubator for 24 hours. These important 
results proved the possibility of realizing a novel and effective pumping system set for a 
large-scale laboratory use. 
Finally, we can conclude that this work of thesis led to a novel pumping system that 
overcomes several disadvantages of the standard commercial systems for the actuation 
of dynamic cell cultures. It is portable, thanks to its small dimensions and lightness. Its 
modular design compacts the fluidic setup needed for dynamic cell cultures, including 
the mixing chamber and the connection silicone tubes into the device, thus significantly 
reducing disorder under the laminar hood. It is easy to assemble and disassemble and 
the user interface is designed to be simple and intuitive, so that the usability of the 
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system could be improved. Furthermore, its accurate and repeatable fluidic behaviour 
make it suitable for long-term experiments both at room temperature and in incubator. 
The developed system is a prototype that proves the possibility to reach all the 
described goals, but further improvements could be done. About the electronic control, 
the micropumps could be further characterized when working at 37 °C, and the control 
code could be modified making their functioning more stable and repeatable in this 
condition. The interface could be changed, for example including analog components 
instead of buttons and LEDs, reducing the overall power consumption and allowing the 
implementation of a battery supply. About the mechanical design and realization of the 
device, suitable materials, different from ABS, could be used for the case, improving 
the resistance to humidity of the electronic shield and of the overall system. The design 
could be modified to improve the assembly mechanism and the inner fluidic 
connections, and to further optimize the inner volumes, reducing the outer dimensions. 
The closing mechanism of the mixing chamber, which is now simply composed by 4 
screws, could become more quick and user-friendly. Finally, other modules for a 
suitable connection with MultiDyn, such as a support plate, could be designed and 
developed.  
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APPENDIX A 
CONTROL BOARD SCHEMATICS 
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APPENDIX B 
CONTROL CODE 
// VARIABLES 
 
// analog pins for interface pushbuttons 
int buttonA = A0; 
int buttonB = A1; 
// analog pins for the on/off control of the 
// amplitude 
int AMPLITUDE1 = A3; 
int AMPLITUDE2 = A2; 
// analog pin connected to the safety switch 
int accensione = A4; 
 
// state of the buttons and of the safety switch. 
// they read the digital value given by the 
// buttons A and B  
// into the functions measureTimeA and 
// measureTimeB. When the current state is 
// HIGH and the previous is LOW, it means that  
// the button is pressed  
int currentStateA; 
int previousStateA = LOW; 
int currentStateB; 
int previousStateB = LOW; 
// "tensione" reads the value of the analog pin 
// connected to the safety switch (A4). With a 
// suitable treshold, it is then converted into 
// a HIGH or LOW value, into the function 
// maxFlow. 
int tensione; 
int currentStateAcc; 
int prevStateAcc = LOW; 
 
 
// time variables to measure the time when the 
// pression of A and B starts and finishes 
long startA = 0; 
long finishA = 0; 
long startB = 0; 
long finishB = 0; 
// debounce time to ignore the noise on the  
// pushbuttons 
long debounce = 50;    
 
// pins connected to the LEDs 
int led1 = 2; 
int led2 = 3; 
int led3 = 4; 
int led4 = 6; 
int led5 = 7; 
int led6 = 8; 
int led7 = 10; 
int led8 = 11; 
// at first, no LED is switched on 
// so, the assignment is made with a pin that 
// does not exist on Arduino Micro 
int ledOn1 = 50;      
int ledOn2 = 50;      
// timer definition 
int UNOA = 9;        // Timer 1-A 
int TREA = 5;          // Timer 3-A 
 
// definition of the vectors containing the LEDs 
// to switch on or off 
unsigned char pinsAll[8] = {led1, led2, led3, led4, 
led5, led6, led7, led8}; 
unsigned char pins9[2] = {led1, led5}; 
unsigned char pins10[4] = {led1, led2, led3, 
led4}; 
unsigned char pins11[4] = {led5, led6, led7, 
led8}; 
unsigned char pins12[6] = {led2, led3, led4, led6, 
led7, led8}; 
 
// definition of the counters 
// menu selector (choice of the channel or the 
// flow rate) 
int select = 0;        
// false or true whether the channel is 0 o 1          
boolean chan = false;  
// counter that indicates the available flow rate 
// (1, 2, 3 or 4)          
int count = 0;          
// maximum number of available flow rates + 1         
int countMax = 5;               
 
// definition of the flow rates and of the 
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// channels 
// number of the channel (0 or 1) 
int channel;                
// period of the PWM chosen for the 
// corresponding flow rate     
float period = 0;               
 
// boolean variables that indicate the brief or 
// long pressure of the pushbuttons 
boolean holdA = false; 
boolean pressA = false; 
boolean holdB = false; 
boolean pressB = false; 
 
// variables that indicate that the memorization 
// of the flow rate for each channel 
boolean mem0 = false; 
boolean mem1 = false; 
 
// auxiliary variable that locks the counter 
// "select" 
boolean annullaA = false; 
 
// variable that signals the implementation of 
// the RAPID FILLING function 
boolean riempimento = false; 
 
// the LED that must stay lit to give the correct 
// visual feedback to the user 
int ledOn = led1; 
 
// frequency control of the pump 
// period of the clock signal that controls the 
// channel 1 
int period1 = 0;    
// period of the clock signal that controls the  
// channel 2    
int period2 = 0;       
  
// time variable 
unsigned long time;    
 
// SETUP 
void setup() { 
  // initialization of the pushbuttons and the 
  // safety switch as input 
  pinMode(buttonA, INPUT); 
  pinMode(buttonB, INPUT); 
  pinMode(accensione, INPUT); 
 
  // INITIALIZATION OF LEDs 
  pinMode(led1, OUTPUT); 
  pinMode(led2, OUTPUT); 
  pinMode(led3, OUTPUT); 
  pinMode(led4, OUTPUT); 
  pinMode(led5, OUTPUT); 
  pinMode(led6, OUTPUT); 
  pinMode(led7, OUTPUT); 
  pinMode(led8, OUTPUT); 
  // INITIALIZATION OF THE TIMERS 
  // timer 1-A as output 
  pinMode(UNOA, OUTPUT);    
  // timer 3-A as output  
  pinMode(TREA, OUTPUT);     
  // INITIALIZATION OF THE OUTPUT 
  // AMPLITUDE SIGNAL 
  pinMode(AMPLITUDE1, OUTPUT); 
  pinMode(AMPLITUDE2, OUTPUT); 
   
  // TIMER 1-A INITIALIZATION 
  // Timer 1-A, fast PWM, ICR1 TOP value 
  TCCR1A = B10000010;   
  TCCR1B = B11100;     // /256 prescaling 
  // no signal is generated at the beginning 
  ICR1 = 0;             
  OCR1A = 0;           // 0% duty cycle 
   
  // TIMER 3-A INITIALIZATION 
  // Timer 3-A, fast PWM, ICR3 TOP value 
  TCCR3A = B10000010;   
  TCCR3B = B11100;     // /256 prescaling 
  // no signal is generated at the beginning 
  ICR3 = 0;             
  OCR3A = 0;           // 0% duty cycle  
} 
 
// function that takes the system to the default 
// state (WAIT) and cancels the flow rate choice 
void eraseChoice() { 
  if (holdB) {    
      // if B is hold for more than 1.5 seconds 
      // the flow rate variables are set to 0 
      period1 = 0; 
      period2 = 0; 
      // all the timer registers are set to 0 
      setFREQ1(0); 
      setFREQ2(0); 
      // the LEDs representing the chosen flow 
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      // rate are switched off 
      ledOn1 = 50; 
      ledOn2 = 50; 
      // all the LEDs blink to signal the deletion 
      massBlinking (led1, pinsAll, 8); 
      digitalWrite(led1, LOW); 
      // the first voice of the menu is selected 
      select = 0; 
      // "mem0" and "mem1" signal the deletion 
      // of the choice 
      mem0 = false; 
      mem1 = false; 
      // the AMPLITUDE signal is put to 0 for both 
      // channels 
      digitalWrite(AMPLITUDE1, LOW); 
      digitalWrite(AMPLITUDE2, LOW); 
      // RAPID FILLING must be done at the next 
      // operation of the pump 
      riempimento = false; 
      // holdB becomes false in order to allow the 
      // next pression to be signalled 
      holdB = false; 
    } 
    else { 
    } 
} 
 
// function that cancels the long pression of A 
// holdA is only needed to confirm the flow rate, 
// hence it is allowed only at the corresponding 
// voice of the menu 
void eraseHoldA () { 
  if (holdA) { 
    holdA = false; 
  } 
}  
 
// function that deletes the short pression of A 
void erasePressA () { 
  if (pressA) { 
    pressA = false; 
  } 
} 
 
// MAIN 
void loop() { 
  // the pushbuttons are continuously checked 
  measureTimeA(); 
  measureTimeB(); 
  // the safety switch is continuously checked. 
  // when it is switched on, if needed, the  
  // rapid suction is provided to the pumps 
  maxFlow(period1,period2); 
   
  // at every moment, holding B takes the 
  // system to the "WAIT" state 
  eraseChoice(); 
   
  // according to the value of "select", which is 
  // changed into the function measureTimeA,  
  // the channel pair or the flow rate for the 
  // corresponding pair can be chosen 
  switch (select) { 
    case 0:    
      // if "select" is 0, nothing happens 
      eraseHoldA(); 
    break;   
     
    // CHANNEL PAIR SELECTION 
    case 1: 
      // in this voice of the menu, holdA is not 
      // needed 
      eraseHoldA(); 
      // BOTH PAIRS TO SET 
      if (!mem0 && !mem1) {   
        while (pressA) {   
          // code to execute only once, when A is 
          // briefly pressed. 
          // in this case all the LEDs must be off 
          // except the LEDs that represent the first 
          // flow rate for each channel pair 
          massDigitalWrite(pins12, 6, LOW);    
          massBlinking(led1, pins9, 2);        
          // the first channel pair is the pair 1 
          chan = false;    
          channel = 0;     
          // the variables that signal the pression of 
          // A and B are cleared 
          pressA = false; 
          pressB = false;    
        } 
         
        while (pressB) {   
          // B switches between the channel pairs 0 
          // and 1 
          chan = !chan; 
          if (!chan) { 
            channel = 0; 
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            // the corresponding LED is switched on 
            switchOnOff (led1,led5); 
          } 
          if (chan) { 
            channel = 1; 
            switchOnOff (led5,led1); 
          } 
          pressB = false; 
        } 
      } 
       
      // if only one pair must be set, or if both 
      // pairs are already set, nothing happens 
      // with this voice of the menu 
      else {   
        break; 
      } 
    break; 
     
     
    // FLOW RATE CHOICE 
    case 2:   
      // if both pairs are already set, nothing 
      // happens 
      if (mem0 && mem1) {   
        break; 
      } 
      // if the pair 0 must be set 
      if (channel == 0) { 
        while (pressA) {   
          // the first row of LEDs blinks, signalling 
          // the flow rate choice for the pair 0 
          massBlinking (led1, pins10,4); 
          pressA = false; 
        } 
         
          switch (count) { 
            case 0: 
              period = 0; 
              massDigitalWrite(pins10, 4, LOW); 
              ledOn = 30; 
              break; 
            case 1: 
              // control frequency of 5 Hz, 
              // corresponding to 150 uL/min with 
              // deionized water @ room  
              // temperature 
              period = 12500;   
              switchOnOff(led1, led4); 
              ledOn = led1; 
              break; 
            case 2: 
              period = 8929;  // 7 Hz, 200 uL/min 
              switchOnOff(led2, led1); 
              ledOn = led2; 
              break; 
            case 3: 
              period = 6250;  // 10 Hz, 300 uL/min 
              switchOnOff(led3, led2); 
              ledOn = led3; 
              break; 
            case 4: 
              period = 3676;  // 17 Hz, 500 uL/min 
              switchOnOff(led4, led3); 
              ledOn = led4; 
              break;           
          } 
      } 
        // if the pair 1 must be set 
        if (channel == 1) {    
          while (pressA) { 
            // the second row of LEDs blinks, 
            // signalling the flow rate choice for the 
            // pair 1 
            massBlinking (led5, pins11,4); 
            pressA = false; 
          } 
                                             
          switch (count) { 
            case 0: 
              period = 0; 
              massDigitalWrite(pins11, 4, LOW); 
              ledOn = 30; 
              break; 
            case 1: 
              // same frequencies as for the pair 0 
              period = 12500;    
              switchOnOff(led5, led8); 
              ledOn = led5; 
              break; 
            case 2: 
              period = 8929; 
              switchOnOff(led6, led5); 
              ledOn = led6; 
              break; 
            case 3: 
              period = 6250; 
              switchOnOff(led7, led6); 
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              ledOn = led7; 
              break; 
            case 4: 
              period = 3676; 
              switchOnOff(led8, led7); 
              ledOn = led8; 
              break;           
          } 
        } 
       
      // CONFIRMATION 
      // long pression of the button A 
        if (holdA) {   
          // the LED corresponding to the chosen  
          // pair and flow rate blinks 
          blinking(ledOn); 
          // the boolean holdA is cleared to allow 
          // the next long pression of A 
          holdA = false; 
          // the "select" counter can increase again 
          annullaA = false; 
          // when switching on the micropumps 
          // with the safety switch for the first time,  
          // the RAPID FILLING function will be 
          // called 
          riempimento = false; 
           
          // confirm the flow rate for the pair 0 
          if (channel == 0) {   
            ledOn1 = ledOn; 
            // the value that determines the correct 
            // frequency for the desired flow rate  
            // is stored in the variable "period1" 
            period1 = period; 
            // setting of the timers for the pair 0 
            setFREQ1(period1); 
            // the boolean signals that the pair 0 
            // was set 
            mem0 = true; 
            // the AMPLITUDE value is switched at 
            // HIGH for the pair 0; the other channel 
            // pair is set automatically 
            channel = 1;              
            // when the A button will be pressed 
            // again, the choice of the flow rate 
            // is automatically set 
            select = 1;   
            // start again from the lowest flow rate 
            count = 0;             
            break; 
          } 
          else {    
            // confirm the flow rate for the pair 1 
            ledOn2 = ledOn;  
            // the value that determines the correct 
            // frequency for the desired flow rate  
            // is stored in the variable "period2" 
            period2 = period; 
            // setting of the timers for the pair 1 
            setFREQ2(period2);       
            // the boolean signals that the pair 1 
            // was set 
            mem1 = true; 
            // the AMPLITUDE value is switched at 
            // HIGH for the pair 1 
            // the other channel pair is set 
            // automatically 
            channel = 0;  
            // when the A button will be pressed 
            // again, the choice of the flow rate 
            // is automatically set 
            select = 1;        
            // start again from the lowest flow rate 
            count = 0; 
            break;   
          } 
        } 
 } 
   
  delay (300); 
 
} 
 
// INTERFACE LEDs 
 
// function that switches on the LED on "pinOn" 
// and switches off the LED on "pinOff" 
void switchOnOff (int pinOn, int pinOff) { 
  digitalWrite (pinOn, HIGH); 
  digitalWrite (pinOff, LOW); 
} 
// function that sets the pins contained into 
// pins[] to "state", that can be LOW or HIGH 
void massDigitalWrite(unsigned char pins[], int 
length, unsigned char state) { 
  unsigned int i; 
  for (i = 0; i < length; i++) 
    digitalWrite(pins[i], state); 
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} 
 
// many LEDs blink together, and the LED 
// connected to "pin" stays lit 
void massBlinking(int pin, unsigned char pins[], 
int length) { 
  massDigitalWrite (pins, length, HIGH);   
  delay (200); 
  massDigitalWrite (pins, length, LOW); 
  delay (100); 
  massDigitalWrite (pins, length, HIGH);   
  delay (200); 
  massDigitalWrite (pins, length, LOW); 
  delay (100); 
  massDigitalWrite (pins, length, HIGH);   
  delay (200); 
  massDigitalWrite (pins, length, LOW); 
  delay (100); 
  digitalWrite(pin, HIGH); 
} 
 
// blinking of one LED, that then stays lit 
void blinking(int led) { 
  digitalWrite(led,LOW); 
    delay (100); 
    digitalWrite(led,HIGH); 
    delay (200); 
    digitalWrite(led,LOW); 
    delay (100); 
    digitalWrite(led,HIGH); 
    delay (200); 
    digitalWrite(led,LOW); 
    delay (100); 
    digitalWrite(led,HIGH); 
    delay (200); 
    digitalWrite(led,LOW); 
    delay (100); 
    digitalWrite(led,HIGH); 
} 
 
// RAPID FILLING 
// the function sets the active pumps to get a 
// rapid suction for a few seconds 
// then, the flow rate is set again to the value  
// chosen by the user.  
// the function is implemented only when the  
// pumps are switched on for the first  
// time after the setting of the flow rate. 
 
void maxFlow (int period1,int period2) { 
  tensione = analogRead(accensione); 
  // the analog pin "accensione" is read as a 
  // digital pin through a suitable treshold. It is 
  // associated to the voltage delivered by the 
  // safety switch 
  if (tensione > 1000) { 
    currentStateAcc = HIGH; 
  } 
  else { 
    currentStateAcc = LOW; 
  } 
 
  if (currentStateAcc == LOW && prevStateAcc 
== HIGH) { 
    prevStateAcc = currentStateAcc; 
    digitalWrite(AMPLITUDE1,LOW); 
    digitalWrite(AMPLITUDE2,LOW); 
  } 
   
  if (currentStateAcc == HIGH && prevStateAcc 
== LOW) { 
    prevStateAcc = currentStateAcc; 
    digitalWrite(AMPLITUDE1,HIGH); 
    digitalWrite(AMPLITUDE2,HIGH); 
    // only when the safety switch is switched on 
    // for the first time the chosen values are 
    // saved 
    if (!riempimento) { 
      time = millis(); 
   
      // all the channels are set at a control 
      // frequency of 50 Hz for 7 seconds 
      while (millis() - time < 7000) {  
        setFREQ1(1250); 
        setFREQ2(1250); 
      } 
        // then, the control frequency is set to the 
        // previous value 
        setFREQ1(period1); 
        setFREQ2(period2); 
        // the flag becomes true when the rapid 
        // filling is done 
        riempimento = true; 
    } 
  } 
} 
 
// A PUSHBUTTON 
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// the function reads the input on the analog 
// pin "buttonA" as a digital input, 
// and signals whether the pression is longer 
// than 1.5 seconds or not. 
// when A is briefly pressed, the user can 
// choose the menu voice for the channel or  
// flow rate setting. 
 
void measureTimeA () { 
  currentStateA = digitalRead(buttonA); 
  // the A pushbutton is normally open 
  // according to the pull-up resistor, if the 
  // button is pressed LOW is read. 
  // when the button is pressed, the time of 
  // pressure is measured 
  if (currentStateA == LOW && previousStateA 
== HIGH) { 
    startA = millis(); 
    previousStateA = currentStateA; 
  } 
  
  if (currentStateA == HIGH && previousStateA 
== LOW) { 
    finishA = millis(); 
    previousStateA = currentStateA; 
    // verify that the button pression is not due 
    // to the noise 
    if (finishA - startA > debounce) { 
      Serial.println(finishA - startA); 
      if (finishA - startA > 1500) { 
        holdA = true; 
        pressA = false; 
      } 
      else { 
        holdA = false; 
        pressA = true; 
        pressioneBreveA(); 
      } 
    } 
    else { 
    } 
  } 
} 
 
void pressioneBreveA() { 
  // for each pression of A, "select" increases of 
  // 1, going to the next voice of the menu 
  // (channel choice, flow rate choice) 
  if (annullaA == false) { 
    select++; 
  }   
  if (annullaA == true) { 
  } 
  // as the possible voices of the menu are 2, if 
  // "select" is equal to 3, is set to 1 
   if (select == 3){ 
    select = 1; 
   }   
  Serial.print("select"); 
  Serial.println(select); 
   
    switch (select){ 
      case 1 :   // CHANNEL CHOICE  
        break;    
      case 2 :   // FLOW RATE CHOICE 
        // the flow rate number 1 is directly chosen, 
        // avoiding further pression of the B 
        // pushbutton 
        count = 1; 
        period = 12500; 
        // when the choice of the flow rate is 
        // selected, "annullaA" becomes true 
        // in this way, the user cannot come back 
        // to the choice of the channel 
        // before the confirmation or deletion of 
        // the flow rate 
        annullaA = true; 
        break;       
    } 
  } 
 
// B PUSHBUTTON 
// the function reads the input on the analog 
// pin "buttonB" as a digital input, 
// and signals whether the pression is longer 
// than 1.5 seconds or not. 
// when B is briefly pressed, the user switches 
// between the possible channels 
// or flow rates 
 
void measureTimeB () { 
  currentStateB = digitalRead(buttonB); 
  // the B pushbutton is normally open 
  // according to the pull-up resistor, if the 
  // button is pressed LOW is read. 
  // when the button is pressed, the time of 
  // pressure is measured 
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  if (currentStateB == LOW && previousStateB 
== HIGH) { 
    startB = millis(); 
    previousStateB = currentStateB; 
  } 
 
  if (currentStateB == HIGH && previousStateB 
== LOW) { 
    finishB = millis(); 
    previousStateB = currentStateB; 
    // verify that the button pression is not due 
    // to the noise 
    if (finishB - startB > debounce) { 
      Serial.println(finishB - startB); 
      if (finishB - startB > 1500) { 
        holdB = true; 
        pressB = false; 
        annullaA = false; // "select" can change 
      } 
      else { 
        holdB = false; 
        pressB = true; 
        pressioneBreveB(); 
      } 
    } 
    else { 
    } 
  } 
} 
 
void pressioneBreveB () { 
  // at each brief pression of B, the counter 
  // “count” increases of 1 
    count++; 
    if (count == countMax) { 
      count = 1; 
    } 
} 
 
// SETTING OF THE TIMER REGISTERS 
 
void setFREQ1 (int period) { 
  // the function sets the correct flow rate for 
  // the first channel by adjusting the control 
  // frequency. The input of the function is the 
  // desired period. ICR1 register is set to this 
  // value, while OCR1A always generates a 96% 
  // duty cycle 
    ICR1 = period;               
    OCR1A = ceil (0.96*period); 
} 
 
void setFREQ2 (int period) { 
  // the function sets the correct flow rate for 
  // the second channel by adjusting the control 
  // frequency. The input of the function is the 
  // desired period. ICR3 register is set to this 
  // value, while OCR3A always generates a 96% 
  // duty cycle 
    ICR3 = period;                       
    OCR3A = ceil (0.96*period); 
} 
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